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Summary 
Lipase-catalysed transesterification could directly convert low-cost 
natural lipids into value-added flavor esters. This research explored the 
potential of exploiting coconut lipids for the production of flavor esters, 
especially octanoic acid esters in both solvent-free and aqueous systems 
consisting of coconut oil and alcohols or coconut cream and alcohols.  
This project investigated the synthesis of flavor esters from coconut oil 
and fusel oil in a solvent-free system by using an immobilised lipase, 
Lipozyme TL IM. Through single-factor experiments, the effects of reaction 
parameters on the synthesis of octanoic acid esters were investigated. The 
statistically significant factors were found to be molar ratio of alcohol to oil, 
enzyme loading and shaking speed. Further optimization of these three factors 
was conducted using response surface methodology (RSM). A model 
(R2=0.947) was developed based on the obtained data, and it was adequate for 
the predication of the yield of esters. Under optimised conditions, a yield of 
7.3% (based oil weight) of octanoic acid esters was obtained.  
To ascertain the reaction mechanism of lipase-catalysed 
transesterification, ester synthesis was carried out in a solvent-free system of 
coconut oil and ethanol or fusel alcohols. The dynamic changes of free 
octanoic and decanoic acids indicate that ester synthesis catalysed by lipase 
was a two-step reaction of hydrolysis and esterification, rather than a 
conventionally believed one-step reaction of direct alcoholysis. This study 
provides the first evidence on the mechanism of immobilised lipase-catalysed 
ester synthesis in a solvent-free system. 
This study also explored the possibility of synthesising esters in an 
aqueous system of coconut cream and fusel oil by using a free lipase Palatase® 
20,000 L (Palatase). Temperature was found to be the most significant factor 
affecting the biosynthesis of octanoic acid esters, followed by reaction time, 
enzyme amount, pH and alcohol concentration. Under the optimised 
conditions, an ester yield of 14.25 mg/g was obtained which agreed well with 
the predicted values. The results indicate that the lipase Palatase could catalyse 
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the ester synthesis reactions in a system with high water activity.  
The mechanism of ester synthesis by lipase Palatase in aqueous coconut 
cream and phosphate buffer with alcohols and fatty acids was found to be 
more complicated. The obtained results indicate that the lipase preferred to 
utilise more hydrophobic substrates for esterification in aqueous media. Lipase 
Palatase-catalysed ester synthesis in aqueous media was mediated mainly 
through substrate hydrophobicity-dependent esterification, but there was no 
clear trend of hydrolysis and esterification. 
Overall, the low-cost natural coconut lipids were successfully converted 
into the important flavor esters, especially octanoic acid esters. More 
significantly, the mathematical models and mechanisms of lipase-catalysed 
reactions were investigated. Important information was provided for further 
industrial production of these flavor esters. 
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Chapter 1 Introduction and Literature Review 
1.1 Basic knowledge of flavor esters 
Aroma-active substances are organic compounds with characteristic 
odors. These special flavor notes make the aroma compounds important 
flavoring agents in the food industry. The flavor compounds that have been 
used widely in the food industry can be classified into different categories 
according to their chemical structures, such as alcohols, aldehydes, ketones, 
acids, esters, phenolics, terpenes, lactones and pyrazines. Different flavor 
compounds contribute varied flavor notes to the food product. Their special 
aroma features allow them to be fitted into a wide range of applications.  
Esters are chemical compounds that mainly result from the condensation 
reaction between a carboxylic acid and an alcohol. In esters, there is a 
carbonyl group adjacent to an ether linkage to the alkyl group. The naturally 
occurring esters include sugar esters, fats and oils (esters of glycerol), free 
fatty acid esters, phosphoesters (backbone of DNA), nitrate esters, polyesters 
(plastic). Among these esters, only esters with low-molecular weight and 
low-boiling points play a significant role in the flavor and fragrance industry 
since they impart pleasant flavor/aroma notes. The structures of esters 
essentially determine their unique aroma notes because the sensing of flavor 
by humans is through the interaction between aroma compounds and the 
olfactory receptors in the nose (1). In the food industry, esters contribute 
desirable fruity and sweet aroma to a variety of food products such as cheese, 
wine, soft-drinks, beer, candies (2).  
In nature, esters are normally found in fruits in low concentrations. 
Different fruits contain different esters, for example, in pineapple, there are 
ethyl butanoate, methyl 3-methyl butanoate, methyl hexanoate and a small 
amount of ethyl octanoate and esters of propanoic acid (3). In Citrus fruits 
there are not only aliphatic esters but also the monoterpenic esters such as 
geranyl acetate (4). In these fruits, the esters are generally produced by alcohol 
acyltransferases which have been investigated in a variety of fruits such as 
papaya (5), apple (6), banana (7), strawberry (8). Besides fruits, esters are also 
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found in rose (9).  
Traditionally, the flavor esters are extracted from natural materials, and 
these compounds could be labeled as natural (10). However, the flavor 
compounds obtained by extraction methods are relatively expensive due to 
their low content in natural resources. The progress made in organic chemistry 
makes it possible to obtain interested flavor compounds in high quantities by 
using chemical synthesis. Nowadays, most of the flavor compounds used 
commercially are produced by chemical synthesis (11). This method applies 
chemical catalysts and most of the reactions are performed in organic solvents. 
Although relatively high yields could be obtained by applying cheap chemical 
catalysts, higher energy will be required and environmental hazards are 
usually generated during the synthetic reactions. Furthermore, the formation of 
racemic mixtures and chemical wastes makes this method environmentally 
unfriendly. To overcome these drawbacks and meet the increasing demand of 
food consumers for natural flavor compounds, various biotechnological 
methods for the production of flavor compounds have been developed (11, 12). 
The available biotechnological methods include plant and plant cell culture, 
fermentation (de novo biosynthesis and bioconversion) and enzymatic 
biocatalysis (13, 14).  
1.2 Biotechnological methods of flavor production 
According to the US Food and Drug Administration and European 
legislations, the products produced by biotechnological methods can be 
considered as natural provided the starting materials are of natural origins (15). 
The biotechnological methods reported in the literature include plant cell and 
tissue cultures, fermentation, and enzymatic biocatalysis. 
 
1.2.1 Plant cell and tissue cultures 
Plant and plant cell culturing is one of the popular biotechnologies for the 
synthesis of desirable flavor compounds. Plants can synthesise a variety of 
volatile chemicals. However, in these plant sources, the yields of flavor 
compounds are too low to be commercially competitive (16). To overcome 
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this drawback, researchers start to develop new technologies such as plant cell 
cultures, shoot cultures, root cultures and transgenic roots through 
biotechnological approaches (17). Shimizu et al. synthesised flavor 
compounds by shoot cultures of Gynura bicolor (18). The major flavor 
compounds detected in the cultures were mainly sesquiterpenes, such as 
(Z,E)-α-farnesene, (E)-caryophyllene and α-copaene. To obtain high amounts 
of flavor compounds from plants, light conditions have to be controlled to 
improve the production of precursors of vanillin (19). Although the production 
of interested flavor compounds has been improved through controlling the 
metabolic or synthetic pathways and the growth conditions, the yield is still 
not sufficient for commercialization. On the other hand, solvent extraction is 
normally used to extract volatile flavor compounds after harvesting the plants 
and plant tissues and cells. Sample loss during extraction processes is another 
reason that results in the low yield of flavor compounds. Furthermore, limited 
research has been done on the synthesis of flavor esters using this method. 
 
1.2.2 Fermentation 
Microbial fermentation is a more promising method for the bioproduction 
of pure flavor compounds or a complex mixture of flavor compounds. Some 
microorganisms are able to produce important flavor compounds through de 
novo biosynthesis from simple substrates and bioconversion of precursors. The 
volatile flavor compounds formed through employing this method include 
pyrazines, sulfur compounds, esters, alcohols, aldehydes, acids and terpenes, 
etc.. In this section, the focus will be mainly on the formation of flavor esters 
by microbial fermentation.  
Several fungi are currently well known for their ability to synthesise 
aroma esters. Ceratocystis moniliformis was reported to be able to synthesise 
ethyl acetate, propyl acetate, isobutyl acetate, and isoamyl acetate through 
liquid fermentation in synthetic media (20). Ceratocystis fimbriata also shows 
a great potential in fruity aroma synthesis (21, 22). Soares et al. found that 
Ceratocystis fimbriata was able to develop banana and pineapple aromas on 
steam treated coffee husk when different concentrations of glucose were 
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supplemented (21). Ethyl acetate, isobutyrate, isobutyl acetate, isoamyl acetate 
and ethyl-3-hexanoate are the major esters detected in the fermentation media. 
The fruity aroma synthesising ability of Ceratocystis fimbriata in different 
solid-state culture media such as wheat bran, cassava bagasse and sugar cane 
bagasse were investigated by Christen et al. (22). They found that sugar cane 
bagasse supplemented with a leucine or valine-containing medium gave a 
strong banana aroma due to the production of 3-methylbutyl acetate and 
3-methylbutanol. Neurospora sp. was also found to be able to synthesise ethyl 
hexanoate through solid-state fermentation (23, 24).  
Besides fungi, yeasts are another group of important microorganisms that 
are well known to be capable of synthesizing aroma esters. Hansenula mrakii 
was found to be able to synthesise isoamyl acetate and ethyl hexanoate during 
sake brewing, which is mainly due to the esterase in this yeast (25). Williopsis 
saturnus var mrakii (formerly Hansenula mrakii) synthesises valuable 
branched-chain acetate esters such as isoamyl acetate (14, 26). This yeast has 
been widely applied in wine fermentation studies to improve wine aroma (27, 
28). Geotrichum klebahnii is another yeast that can produce ethyl esters of 
branched-chain carboxylic acids (29). 
De novo biosynthesis provides not only interested flavor compounds but 
also a wide range of other metabolites due to the complex metabolic pathways 
involved. However, the microbial bioconversion method mainly leads to one 
major product through adding a suitable precursor into the fermentation 
medium. In addition, the bioconversion method can convert low-value natural 
products into valuable flavor compounds. Many studies have been extensively 
done on the microbial conversion of terpenes into products with added value 
(30). There are also studies using yeast to convert natural materials into flavor 
esters. The yeast Hansenula mrakii was used to convert fusel oil, a cheap 
bioproduct of the ethanol distillation industry, into short-chain esters, namely 
isoamyl acetate (29). Similarly, Williopsis saturnus var. saturnus was also 
reported to be able to convert fusel oil into isoamyl acetate (31). Although the 
microbial fermentation method provides potentially valuable flavor 
compounds, in most cases, yields are quite low (14). That makes the 
fermentation process for the synthesis of flavor compounds economically 
unattractive to commercialization. 
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1.2.3 Enzymatic biocatalysis 
As discussed above, microbial fermentation produces several flavor 
esters through metabolizing simple substrates or converting exogenous 
precursors. To obtain one specific compound, numerous metabolic steps are 
involved during fermentation, complicated by the production of other 
metabolites. To simplify the bioprocess, key enzymes involved in flavor 
compound synthesis are isolated from different sources including 
microorganisms, plants and animals. Using the isolated enzymes as 
biocatalysts, the synthesis of certain flavor compounds only requires one or 
few simple steps of reaction. The enzymatic method overcomes the drawbacks 
of chemical synthesis such as limited reaction selectivity of chemical catalysts, 
pollution, high energy consumption, production of undesirable byproducts.  
On the other hand, enzymatic biocatalysis shows high substrate 
specificity, region-and enantioselectivity, and the reactions can be performed 
under mild conditions (32). Enzymes being frequently investigated for ester 
synthesis belong to two types of enzymes, namely non-specific esterases (EC 
3.1.1.1) and lipases (EC 3.1.1.3). These two types of enzymes show different 
substrate specificities due to their different structures especially in the active 
site. Esterases are active on water-soluble short-chain triglycerides and lipases 
are active on water-insoluble long-chain triglycerides (33). Although esterases 
are also able to synthesise flavor esters through esterification/alcoholysis 
reaction (34-36), the following discussion will only focus on lipase-mediated 
biocatalysis for ester synthesis. 
1.3 Lipase-catalysed biocatalysis 
1.3.1 Characteristics of lipases 
Lipases are universal enzymes that can be obtained from animals, plants 
and microorganisms (37). One of the important characteristics of lipases is the 
interfacial activation property. The activity of lipases is greatly enhanced at 
interfaces, even though they can perform the catalysis both in bulk solutions 
and at interfaces. In 1936, this interfacial activation phenomenon was first 
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reported by Holwerda et al. (38). In 1945, Schonheyder and Volqvartz (39) 
also investigated the affinity of a pig pancreas lipase towards tricaproin in 
heterogeneous mixtures. In 1990, the 3D structures of a human pancreatic 
lipase and a lipase from Rhizomucor miehei were elucidated (40). In 1994 and 
1996, the crystal structures of a bacteria lipase and a horse pancreatic lipase 
were investigated, respectively, and the researchers found that in the lipases, 
there was a surface loop, a polypeptide chain called lid, covering the active 
site (41, 42).  
In recent years, more and more lipases’ crystal structures have been 
reported (43-46). There are studies that also found that in the presence of a 
lipid-water interface, the lid will undergo conformational changes to allow the 
substrates to get access to the active site (47, 48) (Figure 1.1). For a lipase 
from R. miehei, the activation process involves the movement of lid which 
leads to the exposure of the hydrophobic area (8% of the total molecular 
surface) where the substrate is likely to interact (49, 50). On activation, the 
hydrophobic substrate, such as triglycerides or the acyl chains, will enter the 
active site.  
 
Figure 1.1 3D Structure of lipase from Thermomyces laguginosus (48). 
 
According to Cygler et al. (51), the hydrolysis of triglycerides by lipase 
(a lipase from Candida rugosa) is completed through the following steps: 1) 
the formation of a non-covalent Michaelis complex between the lipase and 
substrate; 2) the formation of a tetrahedral, hemiacetal intermediate through a 
nucleophilic attack by the serine Oγ; 3) after that, the ester bond of substrate is 
cleaved and the intermediate complex is broken to form the acyl enzyme; 4) 
water molecule attaches the serine ester of the acylated enzyme to form a 
second intermediate and 5) this formed intermediate is further cleaved to 
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generate the protonated enzyme (serine residue) and fatty acid (50, 51).  
Besides hydrolysis of triglycerides, lipases are also able to catalyse 
esterification (free fatty acids and alcohols), transesterification (alcoholysis, 
lipids and alcohols), interesterification (esters and esters) and acidolysis (esters 
and acids) (52, 53). Furthermore, lipases show high chemo-, regio- and 
enantiospecific specificity and selectivity. These special characteristics make 
lipases valuable biocatalysts in various industries (54). 
 
1.3.2 Applications of lipases in industries 
Lipases have a wide range of applications in the fat and oleochemical, 
biodegradable polymer, textile, detergent, food processing and flavor 
development industries (55). In recent years, lipases are frequently used as the 
biocatalyst for the production of biodiesel which is composed of a mixture of 
fatty acid alkyl esters and is a natural substitute for petroleum-derived diesel 
fuel with better properties (56). Through lipase-catalysed transesterification 
and esterification reactions, vegetable oils, fats and waste oils, such as soybean 
oil, sunflower oil, rice bran oil, corn oil (57-60), and animal fat (61, 62), can 
be effectively converted into methyl esters. This method allows the effective 
utilization of sustainable natural fat and oil resources. It provides a solution to 
converting waste oils into valuable products, producing renewable and 
nontoxic final products.  
In the food industry, lipases are also popular in the modification of 
vegetable oils/milk fat to improve the product health value and the flavor 
qualities. Cocoa butter is an essential ingredient for the production of 
chocolate. However, its supply and prices are not stable. To solve this problem, 
cocoa butter substituents have been generated via lipase-catalysed 
interesterification reactions by using low-cost materials including palm oil, 
stearic acid or ethyl stearate as substrates (63, 64). Human milk fat substitutes 
can also be prepared by lipases-catalysed modification of lard or tripalmitin 
(65, 66). Besides the above-mentioned products, the oleic acid enriched oils 
with improved nutritional value can be produced from cheap oils by using 
lipase as the biocatalyst (67). The modification of milk fat by lipase is another 
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attractive research area. Luis Esteban et al. used lipase to hydrolyse milk fat 
and to increase the free fatty acids content in the milk fat (68). After 
hydrolysis, transesterification or acidolysis reactions, the physical properties, 
digestibility of milk fat can be improved, the caloric value is decreased, and 
flavor is enhanced (68, 69). In the flavor and perfume industries, lipases also 
play significant roles in synthesizing valuable flavor compounds, especially 
flavor esters. Lipases have a high substrate selectivity and specificity, which 
makes it an effective alternative to chemical catalysts for the synthesis of 
flavor esters. 
  
1.3.3 Synthesis of esters through esterification 
Lipases are able to catalyse three different types of reactions to synthesise 
flavor esters, namely esterification, alcoholysis of esters with alcohols, and 
transesterification of esters with other types of esters (70). Among these three 
reactions, esterification is the most frequently employed one by researchers for 
ester synthesis. Isoamyl acetate, one important flavor ester imparting banana 
flavor note, has been successfully synthesised via esterification of acetic acid 
with isoamyl alcohol catalysed by different lipases including lipases from 
Rhizomucor miehei (Lipozyme RM IM), Candida antarctica (Novozym 435), 
and Thermomyces lanuginosus (Lipozyme TL IM), Candida rugosa (CRL) 
(71-75). The lipase-catalysed synthesis of other flavor esters such as ethyl 
butyrate, ethyl hexanoate, ethyl valerate, butyl acetate and terpenoid alcohol 
esters are also reported elsewhere (76-80). Although high yields of esters have 
been obtained by this method, enzyme activity is easily affected by short-chain 
fatty acids and alcohols. The polar acids, especially acetic acid, could change 
the microaqueous pH of the enzyme and cause dead-end inhibition of the 
lipase by reacting with the serine residue in the activate site (81).  
On the other hand, water produced during esterification may push the 
reaction direction towards hydrolysis which may result in the low yield of 
esters. Therefore, water needs to be continuously removed from the reaction 
mixture to ensure a high yield of esters (82). In the literature, 
hetero-azeotropic distillation and addition of dehydrating agents, molecular 
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sieves, membranes and zeolites into the reaction media have been used for 
water removal during esterification reactions (82-85).  
 
1.3.4 Synthesis of esters through transesterification 
Synthesis of esters through lipase-catalysed transesterification reaction 
(alcoholysis) can relieve the inhibitory effect of polar fatty acids on lipase 
activity, since it uses triglycerides and simple esters as substrates instead of 
short-chain fatty acids. Furthermore, no water is produced during 
transesterification reaction. Paramita Mahapatra et al. investigated the 
synthesis of two esters of acetic acid, n-butyl acetate and n-propyl acetate 
through lipase-catalysed transesterification of vinyl acetate with n-butanol and 
n-propanol in solvent-free systems (86). However, this method requires the 
preparation of corresponding esters as feedstocks which is not cost-effective, 
and low conversions are achieved. Instead of using simple esters as the source 
of fatty acids for ester synthesis, applying fats and oils, the natural lipids, as 
feedstocks, is an attractive alternative approach. Lipids, especially vegetable 
oils, are cheap and sustainable natural alternatives of simple esters that can be 
utilised to synthesise fatty acid esters through transesterification reactions. 
Most reported studies are only focused on using vegetable oils in the 
production of biodiesel and few studies reported are directed at using 
vegetable oils as the substrates to produce flavor esters. Therefore, it is quite 
novel and challenging to explore the application of vegetable oils especially 
coconut lipids in the production of flavor esters. 
 
1.3.5 Ester synthesis in solvent-free systems 
Lipase-catalysed esterification and transesterification reactions can be 
carried out in different reaction systems, such as solvent-free systems, organic 
solvent media, ionic liquid media and supercritical media. In solvent-free 
systems, no additional organic solvents are added into the reaction mixture. 
Alcohols play both roles of substrates (acyl donors) and solvents. In this way, 
the downstream process is simplified compared to that in organic solvent 
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media, because it does not require the compound separation and solvent 
evaporation. Solvent-free approach makes it more convenient for the lipase to 
catalyse the ester synthesis reactions, since more substrates are surrounding 
the enzyme active sites (72, 74, 75, 80, 87, 88). For example, the conversion 
of 80% and high initial reaction rates were achieved in a solvent-free system 
for the synthesis of isoamyl acetate using the immobilised Rhizomucor miehei 
lipase and Novozym 435 (72). 
Immobilised lipase Novozym 435 was used for the synthesis of isoamyl 
acetate with isoamyl alcohol from fusel oil as the alcohol substrate, and a high 
conversion was obtained (75%) (75). The reaction conditions of Novozym 
435-catalysed synthesis of isoamyl acetate were also optimised through 
employing response surface methodology (RSM), 82% of conversion was 
obtained (88). Similarly, RSM was applied in the biosynthesis of isoamyl 
butyrate using lipases from Rhizopus sp. and Geotrichum sp. (ester yield was 
75%) (89). However, in some cases, the lipase activity is inhibited by the 
substrate or product, which causes the reduction in the yield of esters. For 
instance, the lipase preparation from Rhizopus oryzae was employed to 
synthesise butyl acetate in a solvent-free system, 60% of yield was obtained 
by using the immobilised lipase (90). The low yield was believed to be 
because of the denaturation effect of acetic acid on the lipase (91). Similarly, 
Ozyilmaz and Gezer found that using Candida rugosa lipase as the biocatalyst, 
the yields of isoamyl acetate, ethyl valerate and butyl acetate in solvent-free 
systems were 34%, 19% and 33% lower than that in n-hexane, respectively 
(74). To overcome the inhibitory effect of polar substrates (e.g. acetic acid), 
organic solvents or other reaction media are used to minimise the deactiviation 
of lipases through diluting the concentration of polar substrates in the reaction 
mixtures (92). 
 
1.3.6 Ester synthesis in organic solvents 
Traditionally, enzyme catalysed reactions are conducted in aqueous 
media. Later the discovery of the ability of lipases to catalyse reactions in 
organic solvents promotes the research progress in ester synthesis by lipases in 
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organic solvents. The addition of an organic solvent in a reaction mixture can 
not only dissolve all the substrates but also reduce the inhibitory effects of 
substrates on lipase activity. However, organic solvents themselves may also 
exert adverse effects on lipase activity, especially polar organic solvents. The 
polar organic solvents are observed to inhibit enzyme activity, because they 
tend to strip away the essential water around the enzyme active site through 
interacting with protein, causing the distortion of enzyme active site structural 
conformation (79).  
Raghavendra et al. studied the effect of organic solvent types on the 
synthesis of ethyl valerate by Candida rugosa lipase, and they found that 
cyclohexane was the most suitable organic solvent (79). In a study of using 
whole-cell lipase from Rhizopus chinesis CCTCC M201021 to synthesise 
ethyl esters, researchers found that organic solvents with log P (P: partition 
coefficient) >2.0 could improve the production of esters (conversion >88.8%) 
(78). n-Hexane, heptane, and isooctane are the most commonly used organic 
solvents because of their lower polarity. For example, they have been 
employed in the synthesis of acetic acid esters, such as butyl acetate by lipase 
preparation from Rhizopus oryzae (90), ethyl valerate and hexyl acetate by 
Staphylococcus simulans lipase (93), citronellyl acetate by Candida antarctica 
lipase SP435 (94), geranyl acetate by lipase from Rhizomucor miehei (95), 
hexyl butyrate by Lipozyme IM-77 (96).  
Although high yields of esters are obtained by using organic solvents, the 
addition of flammable organic solvents has raised several problems such as 
environmental hazards, safety and health issues. To solve these problems 
brought about by organic solvents, new alternative reaction media have been 
developed, such as ionic liquids and supercritical fluids.  
 
1.3.7 Ester synthesis in ionic liquids 
Ionic liquids are organic salts consisting of an organic cation and a 
polyatomic inorganic anion. The advantageous properties of ionic liquids such 
as non-flammability, non-volatility, good thermal and chemical stability, 
hydrophobicity, polarity and solvent properties make them an attractive 
alternative of flammable organic solvents (97, 98). The synthesis of isoamyl 
 14
acetate by immobilised and free Candida antarctica lipase B (CALB) was 
carried out in room-temperature ionic liquids under high pressure (99). High 
pressure was observed to have a positive effect on the lipase activity regarding 
the reaction rate which was about 14-15-fold higher at 500 MPa than that at 
0.1 MPa.  
A hydrophobic ionic liquid [C7mmim][Tf2N] was used for the synthesis 
of isoamyl acetate by immobilised Candida antarctica lipase in a miniaturised 
enzymatic reactor, up to 92% of ester yield was achieved (100). A [bmim]PF6 
ionic liquid was used as the reaction media for the synthesis of isoamyl acetate, 
with water removal by zeolite adsorption and a high yield of ester (100%) was 
achieved (101). The bi-phasic systems of alcohol-ionic liquid, solvent-ionic 
liquid, or supercritical liquid-ionic liquid were also applied to improve the 
yield of esters (101-103). The major issue of this method is to effectively 
separate esters from ionic liquids. Solvent extraction is the commonly applied 
method for the separation of formed esters from ionic liquids. 
 
1.3.8 Ester synthesis in supercritical fluids 
Supercritical fluids are green solvents that are frequently used as 
enzymatic reaction media and solvents for the extraction of chemicals from 
natural materials. Supercritical carbon dioxide (sc-CO2) is the most popular 
fluid that has been employed in the lipase-catalysed synthesis of esters. This 
reaction medium has several advantages such as low viscosities, high 
diffusivities, low critical temperature and pressure conditions, 
non-flammability and non-toxic (104, 105). These special properties make 
sc-CO2 a favorable reaction medium for lipase-catalysed reactions. 
Isoamyl acetate was successfully synthesised in supercritical carbon 
dioxide by Novozym 435 from Candida antarctica and Lipozyme RM-IM 
from Rhizomucor miehei (73). A higher initial reaction rate was obtained 
compared with that in n-hexane, although no significant difference was 
observed in the final yield of esters. The conversion in sc-CO2 was 
substantially lower than that in a solvent-free system in the case of the 
synthesis of isoamyl esters by Novozym 435 (106). The reason was believed 
to be that the local substrate concentrations in the solvent-free system were 
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higher than that in the sc-CO2 system (conversion 38-45%).  
Since sc-CO2 shows a low ability of dissolving polar substrates, 
co-solvents are added to enhance the lipase-catalysed biocatalysis. However, 
in the study conducted by Habulin et al., they found that adding 
ethylmethylketone as a co-solvent in a sc-CO2/n-heptane medium increased 
the initial reaction rate of lipases-catalysed synthesis of citronellol laurate, but 
the final conversion was decreased compared to that without a co-solvent 
(conversion 87%) (107). In some cases, the enzyme activity is affected in 
sc-CO2, because it can cause instability of the conformational structure of the 
enzyme microenvironment (108, 109). To overcome this drawback, a 
protection layer of ionic liquids has been used to protect lipase in sc-CO2 
system (110). Adding any chemical substance would defeat the “green” aspect 
of sc-CO2. 
 
1.3.9 Ester synthesis in aqueous media 
In contrast to non-aqueous media, aqueous media contain a greater 
quantity of water and in which only few lipases can catalyse ester synthetic 
reactions (111, 112). Water is an inhibitor of lipase-catalysed synthetic 
reactions, because it can shift the reaction direction from ester synthesis to 
hydrolysis and result in low yields of esters. However, alcohols could also 
inhibit the hydrolytic reaction via reducing the stability of the 
acyl-enzyme-water intermediate (113), affecting the distribution of water 
between the enzyme and reaction medium and changing hydrophobicity of the 
reaction system (111).  
In 1990s, several studies were conducted to investigate the 
lipase-catalysed ester synthesis in aqueous media. A lipase from Candida 
deformans was used for the synthesis of oleic acid methyl esters in an aqueous 
medium through esterification of oleic acid and alcoholysis of triolein, and the 
yields were 82% and 58%, respectively (114). The authors found that 
alcoholysis of triolein in the aqueous medium was performed by hydrolysis of 
triglycerides followed by esterification of the fatty acids released. Briand et al. 
investigated the synthesis of methyl esters from methanol and rapeseed oil by 
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a lipase from Candida parapsilosis in an aqueous medium, and a yield of 53% 
was achieved (111).  
In 1995, Briand et al. conducted a further study on the regioselectivity of 
a lipase from Candida parapsilosis in aqueous media with rapeseed oil being 
used as the lipid substrate (115). They found that this enzyme displayed 
different selectivity as different substrates were used, and the ester synthesis 
was believed to be completed through direct alcoholysis since no ester 
synthetic activity was observed when the substrates were oleic acid and 
methanol. However, these studies only focused on the catalytic behavior of 
lipases in aqueous media with respect to alcoholysis of the triglycerides 
containing long-chain fatty acids. The activity and catalytic behavior of lipases 
might vary with the reaction conditions and substrate types (e.g. triglycerides 
with short- and medium-chain fatty acids). 
1.4 Coconut lipids for ester synthesis 
The available natural lipid materials include milk fat and vegetable oils. 
Milk fat is one suitable lipid substrate for the synthesis of flavor esters, 
because it contains short-chain fatty acids (C4-C8 acid) (68, 116). However, 
milk fat is quite expensive because normally it is consumed as food. On the 
other hand, vegetable lipid is an inexpensive alternative of milk fat for the 
ester synthesis. Nevertheless, the drawback is that most of the vegetable oils 
only contain long-chain fatty acids and their esters impart undesirable flavor 
notes (117).  
Coconut oil and coconut cream are two products of coconut palm (Cocos 
nucifera) which is the plant grown widely throughout the tropic countries. 
Coconut oil is produced by crushing the dried kernel (contains about 60-65% 
of the oil). Coconut oil contains 92% of saturated fatty acids (in the form of 
triglycerides), which makes it unattractive to food consumers (118). However, 
coconut oil contains a high amount (about 70%) of lower chain fatty acids 
known as medium-chain fatty acids (MCFAs). This makes coconut oil a 
unique type of vegetable oil.  
The fatty acid composition of coconut oil is as follows: C6 acid, 0.2-0.8%; 
C8 acid, 6-9%; C10 acid, 6-10%; lauric acid, 46-50%; C14 acid, 17-19%; C16 
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acid, 8-10%; C18 acid, 2-3%; C18:1 acid, 5-7% and C18:2 acid, 1-2.5% (119). 
Compared to other vegetable oils, coconut oil contains relatively an abundant 
amount of octanoic acid (C8 acid) (117) (similar to palm kernel oil). In 
South-East Asia, coconut oil is a low-cost and readily available vegetable oil. 
It has been used as the substrate for biodiesel fuel production (120-122), as a 
base oil for lubricants (123), as a starting material for the synthesis of methyl 
ketones (124). However, to the best of my knowledge, little research has been 
conducted on its utilization as a substrate for the synthesis of natural flavor 
esters.  
Coconut cream is the thick and dense cream emulsion obtained from 
coconut milk. Coconut cream can be further used for the production of 
coconut oil via dry or wet processes (125). It contains about 25% of fat and 
70% of water. Besides being used for cooking, coconut cream has been 
applied as the substrate for the production of natural aroma-active 
2-phenylethyl esters via lipase-mediated biocatalysis because of its high 
content of octanoic acid (126). Seow et al. and Tan et al. applied coconut 
cream as the fermentation medium for the production of volatile sulphur 
compound methionol by yeasts (127, 128).  
1.5 Fusel oil as an alcohol source for ester synthesis 
Alcohol substrates used for ester synthesis are normally short-chain 
alcohols, such as methanol, ethanol, butanol, and some branched alcohols. The 
branched alcohols include isoamyl alcohol, active amyl alcohol and isobutyl 
alcohol. Among these alcohols, ethanol and isoamyl alcohol are the most 
frequently used alcohol substrates for the synthesis of ethyl and isoamyl 
acetates. In this study, fusel oil (from the old German word fousel, meaning 
bad spirit) (also known as fusel alcohols) was used as the alcohol substrate. 
Fusel oil is a low-value by-product from the ethanol distillation industry. It is 
normally present as an oily layer in the yeast-fermented aqueous alcoholic 
mixture after ethanol distillation (129, 130). Fusel oil contains a mixture of 
short-chain alcohols including ethanol, propanol, butanol and isobutanol, 
active- and isoamyl alcohols, miscellaneous alcohols and water. Among the 
alcohols, active- and isoamyl alcohols are the major alcohols in fusel oil. Fusel 
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oil is commonly used as fuel to supply energy for distilleries (131). Through 
esterification, fusel oil could be converted into esters together with long-chain 
fatty acids. The formed esters can be used as biolubricants (132). Fusel oil has 
also been added as a cheap source of higher alcohols to beet molasses or wine 
fermentation media to increase the production of esters especially isoamyl 
acetate (31, 133). However, limited studies have been done on applying fusel 
oil as an alcohol source to the enzymatic synthesis of flavor esters. 
1.6 Objectives 
According to the literature discussed earlier, there are various research 
gaps in the field of flavor ester synthesis, which are summarised below: 
1. Although the synthesis of flavor esters via lipase-catalysed esterification of 
free fatty acids or transesterification of simple esters has been investigated, 
lipase-catalysed transesterification of vegetable oils for flavor synthesis is 
rarely reported; 
2. Coconut oil has been used for the production of biodiesel, but research on 
using it as a starting material for the synthesis of flavor esters is lacking; 
3. There are limited studies on the mechanisms of lipase-catalysed synthetic 
reactions in the solvent-free and aqueous systems; 
4. Microbial fermentation is one of the most popular biotechnological 
methods for the synthesis of natural flavor compounds. However, the yield 
is quite low. 
Given the research gaps described above, the main aim of this study was 
to explore a novel application of coconut lipids for the synthesis of flavor 
esters with lipases as the biocatalysts. The specific objectives of this research 
were to: 
1. Develop sample preparation and analytical methods for the determination 
of flavor esters in oil samples (Chapter 2 and 3; Study described in 
Chapter 3 assisted by Chin Jin Hua as part of his Hons project). 
2. Synthesise flavor esters in a solvent-free oil system using coconut oil and 
fusel oil as the substrate and Lipozyme TL IM as the biocatalyst (Chapter 
4);  
3. Optimise the reaction conditions using RSM and investigate the 
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relationship between studied factors and the yield of flavor esters (Chapter 
5, assisted by Chin Jin Hua as part of his Hons project). 
4. Investigate the reaction mechanisms of lipase-catalysed ester synthetic 
reaction in a solvent-free oil system (Chapter 6). 
5. Synthesise flavor esters in an aqueous system of coconut cream and fusel 
oil using Palatase as the biocatalyst and investigate the effects of various 
factors on the synthetic activity of lipase using the Taguchi method 
(Chapter 7). 
6. Study the mechanisms of the lipase-catalysed synthetic reactions in 
aqueous media (Chapter 8). 
7. Explore the possibility of synthesizing flavor esters through synchronous 
yeast fermentation and lipase-catalysed biocatalysis to improve the yield 
of esters (Chapter 9, assisted by Lim Yunwei as part of her Hons project). 
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Chapter 2 HS-SPME GC-MS/FID method development for oil 
sample analysis 
2.1 Introduction 
Lipase-catalysed transesterification of vegetable oils or other lipids can 
be used to produce desirable fatty acid esters by selecting suitable triglycerides 
with preferable fatty acid profiles (72, 116). After ester synthesis from lipids 
especially vegetable oils, a detection and determination method is required for 
accurate quantitative analysis of formed esters. This chapter presents the 
method development for oil sample analysis. 
After transesterification in solvent-free systems, the viscous oil sample 
containing various components makes direct instrumental analysis difficult. 
Near infrared spectroscopy (NIR) is reported as a feasible method for 
monitoring the esterification process (134) and it requires no sample 
pretreatment. This method is suitable for the targeted analysis but not 
untargeted analysis. For exploring and quantifying compounds in the complex 
samples, the effective and efficient sample preparation is critical.  
Several oil sample preparation methods have been reported, such as 
solvent extraction, supercritical fluid extraction, liquid chromatography 
fractionation and solid-phase extraction (135-138). However, they show 
drawbacks such as requiring large amounts of solvents and samples, being 
laborious and tedious, time-consuming, high cost and showing possibility of 
sample loss due to multiple-step procedures.  
Headspace-solid-phase microextraction (HS-SPME) is a simple, 
solvent-free method that integrates sample preparation, sample concentration 
and sample introduction in one step to reduce sample loss and sample 
contamination (139), which significantly reduces sample loss and sample 
contamination. In addition, it can be easily automated to significantly improve 
sampling efficiency. HS-SPME has been applied in trace-level detection of 
off-flavors, contaminants (140) and volatile compounds in oils (141).  
The quantitative analysis of volatile compounds by HS-SPME in the food 
 21
samples with complex matrices is challenged by the limited fibre coating 
capacity, which may lead to fibre saturation and competitive adsorption 
between different volatile components (142). Particularly, the matrix of 
transesterified oil samples is even more complex than regular foods, because 
these oil-based samples contain not only fatty acid esters, but also residual 
reagents and reaction intermediates with high boiling points such as alcohols, 
free fatty acids, monoglycerides, diglycerides and glycerol (143). Among these 
components, residual alcohol reagents may cause displacement effects on 
flavor esters and further introduce prejudices on quantitative determination of 
target ester compounds. The high viscosity of oil samples also influences the 
HS-SPME extraction efficiency.  
To obtain repeatable and reliable quantitative data by minimizing matrix 
effects, solvent dilution has been suggested by several studies. For example, 
diluting sample with water has been used to overcome the limitations in 
shampoo perfume analysis with SPME (144), through which the shampoo 
viscosity was decreased and the concentration of free analytes in the 
headspace was increased. Additionally, organic solvent has also been used to 
minimise matrix effects during trace-level analysis of phthalic acid esters 
(contaminants) in vegetable oils through facilitating the transfer of low-vapor 
pressure analytes from the oil phase into the headspace (145). However, little 
research has been done to investigate the effectiveness of the solvent dilution 
method for HS-SPME quantitative analysis of volatile compounds in high 
concentrations in oil samples. 
The aim of this chapter was to develop a HS-SPME coupled with gas 
chromatography (GC)-mass spectrometry (MS)/flame ionization detector (FID) 
method for the quantitative analysis of volatile compounds (especially fatty 
acid esters) in transesterified coconut oil. To achieve this objective, solvent 
dilution was applied for matrix modification and the HS-SPME conditions 
including solvent type, solvent amount, adsorption temperature and incubation 
time were optimised.  
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2.2 Materials and methods 
2.2.1 Materials and reagents 
Coconut oil (PGEO Edible Oils Sdn. Bhd, Pasir Gudang, Malaysia) and 
fusel oil (also known as fusel alcohols) (Firmenich Asia Pte. Ltd., Singapore) 
were used as the substrates for production of fatty acid esters through 
transesterification catalysed by Lipozyme TL IM (Novozymes, Bagsværd, 
Denmark). Lipozyme TL IM from Thermomyces lanuginosa is a sn-1,3 
specific lipase (450 interesterification units (IUN)/g) granulated onto silica. 
Fusel oil and standards used in the experiments such as ethyl octanoate (EO) 
(>98%) and ethyl nonanoate (internal standard, >98%) were provided by 
Firmenich Asia Pte Ltd (Singapore). Isobutyl octanoate (IBO) (>99%) and 
butyl octanoate (BO) (>99%) were obtained from Tokyo Chemical Industry 
Co. Ltd. (Tokyo, Japan). Isoamyl octanoate (IAO) (>98%) was purchased 
from Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). Internal standard 
of 2-methyl-5-hexanone (>98%) used for determining the composition of fusel 
oil was supplied by Sigma-Aldrich (Steinheim, Germany). This compound 
was selected as internal standard because it does not present in fusel oil and it 
has similar volatility with the short-chain alcohols. For determination of 
retention indices, a C8-C40 n-alkane hydrocarbon standard mixture was 
purchased from Fluka (Buchs, Switzerland). Methanol and n-hexane used 
were of analytical grade. 
 
2.2.2 Transesterification of coconut oil with fusel oil 
Fusel oil containing primary and secondary alcohols (146) was employed 
as the alcohol substrate for the transesterification of coconut oil by lipase. To 
quantify the amounts of major alcohols in the fusel oil used, 
2-methyl-5-hexanone was used as internal standard for relative response factor 
calculation. Since isoamyl alcohol and active amyl alcohol in the fusel 
alcohols could not be well separated under the GC conditions used in this 
study, they were determined together as (iso)amyl alcohol. The alcohol 
composition of the fusel alcohols used is shown in Table 2.1. Besides alcohols, 
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fusel alcohols also contain certain amount of water. 
 
Table 2.1 Composition of fusel oil used for the transesterification reaction 
Composition (%) a  
Isoamyl and active amyl alcohol 60.3 
Isobutyl alcohol 16.6 
Ethanol 9.1 
n-Propanol 0.5 
Others b and water c 13.5 
a Composition of fusel alcohols mainly consisted of primary and secondary alcohols which are 
shown in percentage by weight. 
b Include about 0.02% n-butanol.  
c Water content was estimated at 10.7% (w/w). 
 
Coconut oil (20.00 g), fusel oil (8.0 mL) and Lipozyme TL IM (2.00 g) 
were added into a 100-mL screw-capped glass bottle, followed by incubation 
at 40ºC in water bath and samples were collected at different times for GC 
analysis. 
 
2.2.3 Standard solution preparation 
A standard stock solution containing EO (1750 ppm), IBO (3480 ppm), 
BO (90 ppm) and IAO (5200 ppm) was prepared by dissolving each of the 
four standards into methanol. The standard stock solution was mixed 
thoroughly using a vortex mixer and stored at 4 ºC. The internal standard stock 
solution (8720 ppm) was prepared by accurately measuring 100 µl of ethyl 
nonanoate and dissolving into 10 mL of methanol. Twenty microlitres of the 
internal standard solution were added into each sample vial for analysis with a 
final concentration of 174 ppm. Standard solutions used for establishing 
calibration curves were prepared in blank matrix consisting of coconut oil 
(20%) and methanol (80%). The final concentrations of the four ester 
standards are shown in Table 2.2.  
 
2.2.4 HS-SPME procedure and optimisation 
The HS-SPME apparatus used was an integrated automated sampling 
system consisting of a SPME auto sampler (CTC, Combi Pal, Switzerland), a 
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shaking incubator, a fibre conditioner, and a 32 vial tray holder. The 
adsorption of volatile compounds was carried out with an 85 μm 
carboxen-polydimethylsiloxane (CAR-PDMS) fibre (Supelco, Bellefonte, PA, 
USA). CAR-PDMS fibre has been reported to be an effective fibre for the 
adsorption of a wide range of esters (147). The fibre was exposed to a SPME 
vial containing oil samples and internal standard, and it was incubated in an 
automated shaking incubator (250 rpm, 30 min) for adsorption. Then, the fibre 
was desorbed for 2.5 min in the injector port. The post injection fibre cleaning 
was conducted by injecting the fibre into another heated incubator for 5 min to 
avoid carry-over.  
Effectiveness of matrix modification with different solvents, including 
water, methanol and n-hexane, on HS-SPME efficiency and repeatability was 
investigated. HS-SPME parameters were optimised by conducting 
single-factor experiments and the extractions were carried out at varied 
adsorption temperatures (40, 50, 60, 70ºC) and adsorption times (20, 30, 40, 
50 min). All tests were performed in triplicate to calculate the mean, standard 
deviation (SD) and relative standard deviation (RSD) values. 
 
2.2.5 GC-MS analysis 
The adsorbed volatiles were analysed using an Agilent (Palo Alto, CA, 
USA) 6890N network GC system equipped with DB-FFAP capillary column 
(60 m × 0.25 mm × 0.25 μm, Quadrex, Woodbridge, USA), a 5975 inert mass 
selective detector (MSD) and FID. Purified helium was used as carrier gas 
with flow rate of 1.2 mL min-1. The initial oven temperature was set at 50ºC 
for 5 min, then was ramped to 230ºC at 5ºC min-1 and kept for 30 min. Under 
the present conditions, the GC temperature programme was chosen for 
transesterified coconut oil analysis to achieve better resolutions of major peaks 
and to avoid column carry-overs caused by less volatile components (e.g. 
long-chain fatty acids). For the relatively clean sample matrix, the analysis 
time could be decreased. Split mode with a split ratio of 20:1 was applied. 
Both injector and detector temperatures were 250ºC. The FID peak area was 
used to monitor the uptake of analytes by the fibre. The volatile compounds 
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found in transesterified coconut oil samples were identified by comparing their 
mass spectra and linear retention indices (LRIs) to those of WILEY database 
or standards (or from the literature). 
2.2.6 Method validation 
Linearity was studied through constructing calibration curves with ester 
standard solutions at seven concentrations. The calibration curves were 
constructed by plotting the peak area ratios of respective standards to the 
internal standard against the standard concentration. The limit of detection 
(LOD) was estimated as the concentration of the analyte that produced a signal 
to noise ratio of three times the blank SD, which was 3SD/b, where SD was 
the standard deviation of the lowest concentration in the calibration curve, b 
was the slope of regression line (148). The limit of quantification (LOQ) was 
estimated as the concentrations of target compounds that provided a signal to 
noise ratio of ten, which was 10SD/b.  
Accuracy was evaluated by determining the recovery rates through 
testing six quality control samples spiked with certain amounts of esters 
standards (Table 2) and internal standard (174 μg). The original analyte 
concentrations in the quality control samples used for recovery tests were as 
follows: 86 ppm of EO, 159 ppm of IBO, 6 ppm of BO, 453 ppm of (i)AO. 
To evaluate the effectiveness of the developed method for quantitative 
analysis of volatile esters at two concentrations, the samples used for precision 
(CV, coefficient of variation) evaluation were prepared by spiking standards in 
blank matrix and the analyte concentrations were as follows: 500 and 100 ppm 
of EO, 800 and 160 ppm of IBO, 20 and 4 ppm of BO, 1500 and 300 ppm of 
IAO, and 174 ppm of the internal standard. Intraday precision was determined 
by analyzing five replicate samples, and interday precision was examined by 
analyzing five replicate samples over five days.  
2.3 Results and discussion  
2.3.1 Transesterification of coconut oil 
Coconut oil contains relatively abundant amounts of octanoic (C8) acid 
and other fatty acids such as hexanoic (C6), decanoic (C10), dodecanoic (C12), 
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tetradecanoic (C14) and hexadecanoic (C16) acids (122). After 
lipase-catalysed transesterification of coconut oil with fusel oil, a wide range 
of fatty acid esters including ethyl, propyl, butyl, isobutyl, active amyl and 
isoamyl esters of short-, medium- and long-chain fatty acids were produced 
(Figure 2.1). Unlike short-chain C6 and C8 fatty acid esters, medium- and 
long-chain fatty acid esters normally impart less desirable odors. Hence, this 
study only focused on the quantitative analysis of the predominant octanoic 














































Figure 2.1 Chromatogram (GC-MS) of the major volatile compounds 
identified in transesterified coconut oil. Major peaks: (1) isobutyl alcohol; (2) 
isoamyl acetate; (3) *(iso)amyl alcohol; (4) ethyl octanoate; (5) unknown; (6) 
propyl octanoate; (7) ethyl nonanoate (IS); (8) isobutyl octanoate; (9) methyl 
decanoate; (10) 2-undecanone; (11) butyl octanoate; (12) ethyl decanoate; (13) 
*(iso)amyl octanoate; (14) propyl decanoate; (15) isobutyl decanoate; (16) 
methyl dodecanoate; (17) ethyl dodecanoate; (18) isoamyl decanoate; (19) 
propyl dodecanoate; (20) isobutyl dodecanoate; (21) ethyl tetradecanoate; (22) 
octanoic acid; (23) *(iso)amyl dodecanoate. *Isoamyl and active amyl 
alcohols and corresponding esters are referred as (iso)amyl alcohols and 
esters.  
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Isoamyl and active amyl octanoates (3-methylbutyl octanoate and 
2-methylbutyl octanoate respectively) have similar chemical properties that 
make it difficult to completely separate them under the current GC conditions. 
Therefore, the two esters were determined together and were referred to as 
(iso)amyl octanoate [(i)AO]. The time-course production of octanoic acid 
esters during transesterification of coconut oil and fusel alcohols is shown in 
Figure 2.2. The target esters were not found in blank coconut oil, but trace 
levels of (i)AO and EO were found in the control sample (coconut oil and 























Figure 2.2 Time-course production of octanoic acid esters during 
lipase-catalysed transesterification of coconut oil with fusel alcohols. Reaction 
mixture: 20.0 g of coconut oil, 8.0 mL of fusel alcohols and 2.0 g of Lipozyme 
TL IM were incubated at 40°C. (The relative peak area is defined as the ratio 
of the peak area to the highest peak area for a particular compound.) Symbols: 
() Ethyl octanoate, EO; (▲) Propyl octanoate, PO; (¯) Isobutyl octanoate, 
IBO; () Butyl octanoate, BO; (z) (iso)Amyl octanoate, (i)AO; (Ο) Octanoic 
acid.  
 
The reaction equilibrium was reached at 20 h for (i)AO and at 10 h for 
other esters (Figure 2.2). This may be due to the different amounts of alcohols 
present in the fusel oil used (Table 2.1): the higher the amount, the longer time 
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it may take for the reaction to complete. It is interesting to note that the 
production of octanoic acid esters paralleled that of octanoic acid. From Figure 
2.2 it can be seen that octanoic acid peak area increased gradually along with 
production of octanoic acid esters. This indicated that water in fusel oil had 
participated as a substrate in the hydrolysis of triglycerides to form free fatty 
acids. 
 
2.3.2 Matrix modification  
Through solvent dilution, the matrix components will be diluted to a 
suitable concentration to prevent the displacement effect caused by the 
residual reagents especially alcohols. At the same time, fibre overloading is 
expected to be solved through diluting oil samples to reduce headspace 
concentrations of analytes. The intermolecular interaction between the volatile 
compounds and the matrix indicated by the activity coefficients will be 
changed through modifying the matrix with solvent (150) and furthermore, the 
headspace sensitivity (indicated by the concentration of analytes in headspace) 
and reproducibility may also be affected. Higher solubility of volatile 
compounds in the solvent will result in higher partition coefficients and lower 
headspace sensitivity. For example, in transesterified coconut oil samples, the 
apolar volatile compounds such as octanoic acid esters (147) and major 
secondary alcohols (isobutyl alcohol and amyl alcohols) with poor solubility 
in water showed increased headspace concentrations (data not shown). Hence, 
the competitive displacement effects caused by secondary alcohols and fibre 
overloading were not eliminated by using water to dilute oil sample. On the 
other hand, poor repeatability was also observed, which may be due to the 
emulsion formed during high speed shaking (250 rpm). 
In contrast to water, n-hexane as a non-polar solvent can completely 
dissolve transesterified coconut oil, which was responsible for the reduced 
FID peak areas of the octanoic acid esters (Figure 2.3(a) and (b)). Even though 
using n-hexane to modify the oil matrix could overcome fibre overloading, the 
headspace sensitivity may not be sufficient for quantitative analysis of volatile 
compounds with small quantities such as propyl octanoate (PO) and butyl 
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octanoate (BO) (Figure 2.3(b)). Methanol with a polarity higher than n-hexane 
and lower than water was found to be able to selectively dissolve the polar and 
non-polar components in transesterified oil. For example, in methanol most 
volatile compounds show better solubility than glycerol and triglycerides, 
which may facilitate the separation of octanoic acid esters from the non-polar 
oil matrix to the solvent phase and further increase the concentration in the 
headspace. The FID peak areas of target esters were higher in methanol than in 
n-hexane (Figure 2.3(a) and (b)), which indicates that using methanol to dilute 
oil samples not only can solve fibre overloading, but also provide sufficient 
signals for quantitative analysis of the analytes. Hence, methanol was selected 
as the solvent for matrix modification. The results demonstrated that solvent 
type determined the effectiveness of the solvent dilution method for HS-SPME 
analysis and proper solvents should be chosen according to their chemical 
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Figure 2.3 Dependence of ester extraction efficiency on the type and amount 
of the solvent applied. (a) and (b): Methanol (▨) and n-hexane (▥) of 1800 µl 
were added to 200 µl of oil sample respectively; (c) and (d): Methanol of 
different volume (0, 800, 1800, 2800 µl) was added to 200µl of oil sample. 
HS-SPME conditions: Adsorption temperature: 70oC, adsorption time: 30 min. 
Symbols: () Ethyl octanoate, EO; (▲) Propyl octanoate, PO; (¯) Isobutyl 
octanoate, IBO; () Butyl octanoate, BO; (z) (iso)Amyl octanoate, (i)AO. 
 
Besides solvent type, solvent amount used for matrix modification also 
played an important role in HS-SPME analysis. Considering the high volatility 
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of methanol, the adsorption equilibrium achieved may be more sensitive to the 
variation of operation conditions than the undiluted original sample and may 
possibly result in poor repeatability. With the aim of investigating the effects 
of solvent amount on repeatability, various volumes (0, 800, 1800, and 2800 
μL) of methanol were added to oil samples for matrix modification (Figure 
2.3(c)). It was found that as the amount of methanol increased, the uptake of 
octanoic acid esters decreased. There were two possible reasons: first, as 
methanol was added into the oil sample, the increased total volume reduced 
original analyte concentrations, which caused the decreased headspace 
concentration; second, methanol can also act as a rinsing solution during the 
adsorption process to reduce the uptake of interested analytes. Despite this, the 
sensitivity of the method for the target ester compounds remained sufficient.  
Figure 2.3(d) displays that the extraction reproducibility indicated by 
RSD levels for the five octanoic acid esters was also affected, but to different 
extents depending on the chemical properties of these esters and the volume of 
methanol added into oil matrix. For instance, the adsorption repeatability of 
EO was affected to a greater degree than that of other octanoic acid esters, 
especially (i)AO. This indicates that the interaction between solvent and the 
compounds with similar properties is more significant than other volatile 
compounds, which may cause greater variance of the adsorption results. 
Another possible reason is that EO has a lower boiling point than other 
octanoic acid esters and this may lead to the unstable adsorption result (147). 
Hence, the volume ratio of solvent to sample should be well designed 
according to the properties of solvent, analyte and sample matrix to improve 
reproducibility. Since the lowest RSD level for the adsorption of most esters 
was achieved at 800 μL of methanol, as a compromise between method 
sensitivity and RSD value, 800 μL was selected as the volume of methanol 
which was added into 200 μL of oil sample for matrix modification in the 
further study. For the conventional solvent extraction method, several hundred 
millilitres of solvent are usually consumed. In this study, less than one 
millilitre of methanol was applied to minimise the matrix effect on obtaining 
reproducible results. The amount of solvent could even be further reduced 
according to different requirements. 
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2.3.3 HS-SPME parameters optimisation  
Higher temperatures increase the release of analytes from their matrix but 
decrease the adsorption of analytes by the fibre coating due to the reduced 
partition coefficients, resulting in higher headspace concentrations during 
SPME analysis (151). To obtain proper headspace sensitivity at shortest time 
with best reproducibility after solvent dilution, the effects of adsorption 
temperatures on the uptake of five octanoic acid esters by the fibre were 
studied from (40, 50, 60, 70 ºC) on the uptake of five octanoic acid esters by 
the fibre from methanol-modified oil matrix were studied. 
Figure 2.4(a) shows that as the temperature increased the adsorption 
efficiency of most target esters were increased until an equilibrium state was 
reached at 60ºC, except for (i)AO, which may due to the different 
concentrations of the analytes present in the oil sample. From Figure 2.4(b) it 
can be seen that in the range of 40-60ºC, an increment of temperature can 
positively affect the repeatability of adsorption, and this may be because it was 
easier to achieve an equilibrium state at higher temperatures. However, the 
RSD levels increased when the temperature was further increased to 70 ºC 
which was higher than the boiling point of methanol (64.7 ºC). The 
undesirable pressurization of the vial may be one reason for the reduced 
repeatability. Hence, on the basis of extraction capacity and repeatability, 60 
ºC was selected as the optimum adsorption temperature.  
Figure 2.4(c) and (d) show the effects of sampling time on extraction 
efficiency and repeatability in the range of 20-50 min. In the presence of 
methanol, except EO, the FID peak areas of the other four octanoic acid esters 
demonstrated similar changing trend as the extraction time increased. The 
extraction of EO was less affected by the extraction time in the studied range 
compared with other target esters, which may be because of its relatively 
lower boiling point (147). The stable state of adsorption and the best 
repeatability were both achieved at 30 min (Figure 3.4(c) and (d)). Even 
though the equilibrium state was not achieved at 30 min but at 40 min for most 
target esters, in order to obtain higher extraction efficiency and better 
































































































































Figure 2.4 Effects of HS-SPME parameters on extraction efficiency and 
repeatability. (a) and (b), effect of adsorption temperature (40, 50, 60, 70 ºC) 
on extraction results as adsorption time was 30 min; (c) and (d), effect of 
adsorption time (20, 30, 40, 50 min) on extraction results as adsorption 
temperature was 60 ºC. Symbols: () Ethyl octanoate, EO; (▲) Propyl 
octanoate, PO; (¯) Isobutyl octanoate, IBO; () Butyl octanoate, BO; (z) 
(iso)Amyl octanoate, (i)AO. 
 
The optimum extraction conditions were determined as follows: using 
methanol as dilution solvent, the total sample volume was 1 mL (20% oil and 
80% methanol), extraction temperature was 60ºC, and extraction time was 30 
min. To test the repeatability, ten samples from the same batch were analysed 
under the optimised conditions of the developed method, and the RSD levels 
of FID peak areas were 5.6% for EO, 6.0% for PO, 5.5% for IBO, 4.2% for 
BO and 3.2% for (i)AO. These data indicate an improved repeatability 
achieved by this HS-SPME-GC-MS/FID method.  
 
2.3.4 Quantitative analysis 
EO, IBO, BO and IAO were quantified in this study, because PO standard 
was not available. The calibration curves for the four octanoic acid esters were 
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linear within the given range of concentrations and their correlation 
coefficients (R2) were higher than 0.99. Linear range, R2 values, LOD, LOQ, 
and equations are given in Table 2.2.  
The method validation results are given in Table 2.2. Accuracy indicated 
by recovery rates in the 95.2-98.1% range for different esters were achieved. 
The reproducibility of the developed method was tested by determining the 
intraday and interday precision at two concentrations of ester standards (see 
Materials and methods) with results for the higher concentration shown in 
Table 2.2. Similar precision levels were achieved at intraday (≤ 6.2%) and 
interday (≤ 4.4%) at the higher concentration (Table 2.2). The intraday and 
interday precisions at the lower concentration were ≤9.0% and ≤13.0%, 
respectively (data not shown). These results show that the quantitative method 
was suitable for analysis of transesterified coconut oil samples with both 
higher and lower levels of octanoic acid esters.  
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Table 2.2 Calibration and validation of the HS-SPME-GC-MS/FID quantification method 




















EO 35-524 4.645 -0.058 0.998 3.8 12.7 139.2 136.5 98.1 3.3 3.4 4.3 
IBO 70-869 5.886 -0.194 0.997 1.4 4.7 261.3 252.4 96.6 6.6 3.5 2.7 
BO 2-26 4.439 -0.006 0.992 0.3 0.9 8.5 8.1 95.3 5.3 5.7 4.4 
IAO 104-1561 5.360 -0.455 0.995 12.3 41.0 551.3 525.0 95.2 2.5 6.2 2.6 
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Under the optimised HS-SPME conditions, transesterified coconut oil 
sample was analysed by GC-MS (Figure 2.1). Seventeen major fatty acid 
esters were detected and identified, including five octanoic acid esters, five 
decanoic acid esters, five dodecanoic acid esters and one tetradecanoic acid 
ester (Figure 2.1). Among these esters, methyl decanoate and methyl 
dodecanoate may be from fusel oil. Free octanoic acid was also produced, 
which suggested that hydrolysis of triglycerides in coconut oil occurred during 
the transesterification reaction (152). 
 With the developed method, the amount of octanoic acid esters 
produced during transesterification was determined. Two hundred microlitres 
of sample (190 μL of blank coconut oil and 10 μL of transesterified coconut 
oil) mixed with 800 μL of methanol containing 0.17 mg ethyl nonanoate (IS) 
was analysed by HS-SPME-GC-MS/FID. Results show that 7.78 mg EO, 
14.90 mg IBO, 0.56 mg BO, and 43.27 mg (i)AO were produced per gram of 
coconut oil through transesterification, indicating that transesterification of 
coconut oil by adding fusel oil through biocatalysis is an effective way to 
produce flavor esters, especially octanoic acid esters.  
2.4 Conclusion 
With the aim of quantifying the formed octanoic acid esters in the oil 
sample, methanol was used to dilute oil sample to minimise fibre overloading 
and matrix effect. In addition, HS-SPME parameters were also optimised to 
ensure high extraction efficiency and good repeatability. The optimized 
HS-SPME conditions were determined as extraction for 30 min at 60 ºC. 
Under the optimised HS-SPME conditions, the GC-MS/FID quantitative 
analysis method was developed and validated. High sensitivity, accuracy and 
precision were achieved by analyzing a small amount of oil sample, which 
indicated that solvent dilution was an effective matrix modification method for 
HS-SPME analysis of oil sample with high concentration of analytes. The 
developed method is simple and fast, and may be applied to detect and 
determine the amounts of volatile flavor compounds in complex oil-based 
matrices such as butter oil and other vegetable oils.
 36
Chapter 3 Determination of flavour esters in enzymatically 
transformed coconut oil 
3.1 Introduction 
In Chapter 2, the HS-SPME method was developed for the analysis of 
transesterified coconut oil sample. The HS-SPME method is simple, fast and 
sensitive. However, the fibre used is easily being saturated by volatile 
compounds. The calibration linear range is limited due to the limited fibre 
capacity. The reproducibility of analysis results is also subjected to the 
adsorption and fibre conditions. Therefore, the objective of this chapter was to 
develop an oil sample preparation method for the direct liquid injection 
analysis by GC with higher reproducibility. 
To analyse transesterified oil and determine the amount of fatty acid 
esters formed, GC is regarded as the most suitable method since it is capable 
of detecting a wide range of volatile and semi-volatile compounds. Normally, 
the oil samples are directly injected into GC systems at higher temperatures 
after solvent dilution (57, 153, 154). When a moderate temperature program is 
employed with polar GC columns to minimise the column bleed, the GC 
columns and liners may easily be contaminated by compounds with 
high-boiling points (residue substrate and intermediates, e.g. tri-, di- and 
monoglycerides) (155, 156). Hence, effective and suitable oil sample 
preparation methods have been reported which include solvent extraction, 
supercritical fluid extraction, and solid-phase extraction (135, 157), but most 
of these methods are tedious and laborious.  
In this chapter, a simple and effective alternative laboratory oil sample 
pretreatment method was developed to separate flavor esters from heavy 
compounds with high boiling points in oil sample. Furthermore, a 
GC-MS/FID quantification method was also developed and validated for the 
determination of flavor fatty acid esters in transesterified oil samples.  
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3.2 Materials and methods 
3.2.1 Materials and reagents 
The substrates and standards used are referred to Chapter 2 (section 2.2), 
unless otherwise stated.  
 
3.2.2 Transesterification in solvent-free system 
A mixture of coconut oil (10.0 g), fusel oil (4.0 mL) and Lipozyme TL 
IM (1.5 g) was added in a 100-mL glass bottle with screw cap and incubated 
in a reciprocating shaking water batch at 25 ºC for 28 h to carry out 
transesterification reaction. Twenty microlitres of sample was collected at 
different time points to study the time-course of the transesterification reaction. 
The reaction was terminated by separating the immobilised enzyme from the 
reaction solution through centrifugation (Sigma 3-18K centrifuge, 1731g, 10 
min, 20 ºC). The upper layer liquid sample was collected for analysis. 
 
3.2.3 Sample preparation and analysis 
Twenty microlitres of transesterified coconut oil and 100 μL of internal 
standard solution (1200 ppm) were mixed with 880 μL of n-hexane in a 
capped centrifuge tube and sealed with Parafilm. After that the sample was put 
at 0 ºC to allow heavy compounds to precipitate. Tri-, di- and mono-glycerides, 
and glycerol will be solidified under cold conditions. The top clear liquid 
sample was collected for analysis.  
All samples were analysed by GC-MS/FID through liquid injection. The 
GC systems, detectors and analysis conditions employed were the same as that 
described in Chapter 2 (section 2.2.5), except that a direct liquid injection of 
1.0 μL prepared sample was performed. The compounds in the transesterified 
coconut oil were identified through comparing mass spectra and LRIs with 




3.2.4 Calibration and validation 
A stock standard solution containing 2000 ppm of ethyl octanoate, 2000 
ppm of isobutyl octanoate, 100 ppm of butyl octanoate and 4000 ppm of 
isoamyl octanoate was prepared by dissolving each of the four octanoic acid 
esters in n-hexane. The stock solution was further diluted with n-hexane to 
yield 6 final concentrations for establishing calibration curves: ethyl octanoate 
and isobutyl octanoate of 50, 100, 200, 400, 800 and 1000 ppm, respectively; 
butyl octanoate of 2.5, 5, 10, 20, 40 and 50 ppm; isoamyl octanoate of 100, 
200, 400, 800, 1600, and 2000 ppm. One hundred microlitres of internal 
standard solution (1200 ppm) was added to all the tested samples to give a 
fixed concentration of 120 ppm.  
Precision was evaluated by analyzing standard solutions at high and low 
concentrations: ethyl- and isobutyl octanoate of 100 and 1000 ppm 
respectively, butyl octanoate of 5 and 50 ppm, and isoamyl octanoate of 200 
and 2000 ppm. Intraday precision was examined by testing 5 replicate samples 
within one day, and interday precision was determined by analyzing 5 
replicate samples over 5 days. Precision levels were indicated by the CVs 
which were calculated based on the obtained data. 
To study recovery of fatty acid esters during sample preparation and 
analysis, transesterified oil obtained from the same batch reaction was spiked 
with ester standards at 3 concentration levels: 80, 100 and 200 ppm of ethyl 
octanoate and isobutyl octanoate, respectively; 2, 3 and 6 ppm of butyl 
octanoate; 160, 200 and 400 ppm of isoamyl octanoate. To avoid the final 
concentrations obtained after standard addition being over the calibration 
linear range, diluted oil samples were used. Twenty microlitres of the oil 
sample and standards in varied concentrations were added in n-hexane and 
fixed to 1.0 mL. Control sample without the addition of standards was 
prepared and analysed under the same conditions to obtain the original amount 
of the esters. The recovery was calculated according to Equation (3.1): 
 
Tested amount Original amountRecovery 100%
Added amount
−= ×                  (3.1)  
where original amount is the amount of the esters in the sample without 
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spiking; added amount is the amount of the esters being added into the original 
sample; tested amount is the amount of the esters detected in the samples 
spiked with esters. 
3.3 Results and discussion  
The transesterification of coconut oil with fusel oil was performed in a 
solvent-free system using an immobilised lipase. The enzyme was a 
sn-1,3-specific lipase that could selectively catalyse the transesterification 
reaction between alcohols and fatty acids located at 1 and 3 positions of the 
triglycerides. Consequently, there were monoglycerides produced besides 
residual triglycerides and diglycerides after the reaction. To reduce column 
and liner contaminations caused by these heavy compounds, the oil sample 
was dissolved in n-hexane and then subjected to refrigeration to remove these 
compounds through precipitation. 
 
3.3.1 Analysis of transesterified coconut oil  
After removing these compounds with high boiling points (triglycerides, 
diglycerides, and monoglycerides) through sample pretreatment, the 
transesterified oil was analysed under the defined GC conditions. A GC-MS 
chromatogram of octanoic acid esters, internal standard (ethyl nonanoate) and 
other major identified compounds is shown in Figure 3.1. Including internal 
standard, 40 major peaks are shown in the GC-MS chromatogram (Figure 3.1). 
Since active amyl alcohol/ester and isoamyl alcohol/ester could not be well 
separated under the current GC conditions, they were determined together and 
referred to as (iso)amyl alcohol/ester.  
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Figure 3.1 GC–MS chromatogram of compounds detected in transesterified coconut oil. Major peaks: (1) Isobutyl alcohol; (2) isoamyl acetate; 
(3) (iso)Amyl alcohol; (4) Unknown; (5) Unknown; (6) Isobutyl hexanoate; (7) Ethyl octanoate; (8) (iso)Amyl hexanoate; (9) Propyl octanoate; 
(10) Ethyl nonanoate (Internal standard); (11) Isobutyl octanoate; (12) Butyl octanoate; (13) Ethyl decanoate; (14) (iso)Amyl octanoate; (15) 
Propyl decanoate; (16) Isobutyl decanoate; (17) Ethyl dodecanoate; (18) (iso)Amyl decanoate; (19) Propyl dodecanoate; (20) Isobutyl 
dodecanoate; (21) Butyl dodecanoate; (22) Ethyl tetradecanoate; (23) (iso)Amyl dodecanoate; (24) Propyl tetradecanoate; (25) Isobutyl 
tetradecanoate; (26) Butyl tetradecanoate; (27) Ethyl hexadecanoate; (28) Decanoic acid; (29) (iso)Amyl tetradecanoate; (30) Propyl 
hexadecanoate; (31) Isobutyl hexadecanoate; (32) Ethyl octadecanoate; (33) Dodecanoic acid; (34) (iso)Amyl hexadecanoate; (35) Isobutyl 
octadecanoate; (36) Unknown; (37) Tetradecanoic acid; (38) Unknown; (39) Unknown; (40) Hexadecanoic acid. 
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A good resolution of fatty acid esters was achieved with the GC method 
used, and in particular, the five octanoic acid esters of primary flavor interest, 
namely ethyl-, propyl-, isobutyl-, butyl- and (iso)amyl octanoate. Besides 
octanoic acid esters, esters of C10–C16 acid were also detected in the 
transesterified oil. A total of 34 compounds (excluding the added internal 
standard) were identified according to mass spectra information, LRIs and 
retention times (Table 3.1). The short- and medium-chain fatty acid esters 
possess fruity flavours according to the odor descriptions provided in Table 
3.1. As expected, (iso)amyl dodecanoate was quantitatively the major ester in 
the transesterified coconut oil, since dodecanoic acid was the main fatty acid 
therein. Since the long-chain fatty acid esters normally impart less desirable 
flavor notes, such as soapy, the rest of this study was focused on the 
quantitative analysis of octanoic acid esters. 
 
3.3.2 Calibration curves, LOD and LOQ 
Ethyl-, isobutyl-, butyl- and (iso)amyl octanoate were quantified, because 
propyl octanoate standard was not available. Calibration curves were 
established by plotting the peak area ratio of each octanoic acid ester to the 
internal standard (ethyl nonanoate) against the standard concentrations. The 
obtained calibration curves were linear within the studied concentration ranges 
and had a R2 >0.99. Curve equations and R2 values are given in Table 3.2. The 
LOD and LOQ were determined according to the formula described in 
Chapter 2 (section 2.2.6). For the four octanoic acid esters, the LOD was in the 




Table 3.1 Major volatile compounds detected in transesterified coconut oil 
LRIs NO. a Compound RT-MS (min)
FFAP b Ref.c
FID Peak Area (¯105) Identification d Odor description e 
1 Isobutyl alcohol 7.99 1066 Nd f 22.9  A Ether, wine 
2 Isoamyl acetate 9.05 1097 Nd 5.0  C Banana like, sweet  
3 (iso)Amyl alcohol 11.24 1183 Nd 129.5  A Alcoholic, banana like, whiskey 
6 Isobutyl hexanoate 15.78 1340 Nd 2.0  D Green, pineapple like, sweet  
7 Ethyl octanoate 18.00 1420 1427 10.0  A Apricot like, banana like, brandy 
8 (iso)Amyl hexanoate 18.68 1446 Nd 3.0  D Apple like, banana like, pineapple like 
9 Propyl octanoate 20.20 1505 1508 1.0  A Coconut like, caco, gin 
11 Isobutyl octanoate 21.07 1540 Nd 18.9  B Floral, green, oily  
12 Butyl octanoate 22.53 1601 Nd 1.0  B Butter, ether, herbal  
13 Ethyl decanoate 23.08 1625 1630 8.0  A Apple like, grape like, sweet 
14 (iso)Amyl octanoate 23.59 1647 Nd 51.8  B Green, pineapple like, oily 
15 Propyl decanoate 25.04 1711 1729 1.0  C Fruity, fatty, waxy  
16 Isobutyl decanoate 25.76 1745 Nd 12.0  D Apricot like, brandy, sweet 
17 Ethyl dodecanoate 27.56 1830 1822 41.8  A Floral, sweet, waxy 
18 (iso)Amyl decanoate 28.01 1852 Nd 30.9  D Banana like, cognac, green  
19 Propyl dodecanoate 29.31 1916 Nd 4.0  D Nd 
20 Isobutyl dodecanoate 29.96 1948 Nd 73.7  D Nd 
21 Butyl dodecanoate 31.16 2010 Nd 3.0  D Fruity, peanut, soapy  
22 Ethyl tetradecanoate 31.62 2035 2029 17.9  C Soapy, waxy  
23 (iso)Amyl dodecanoate 32.04 2057 Nd 203.3  D Fatty, oily, peach like 
24 Propyl tetradecanoate 33.26 2123 Nd 2.0  D Nd 
25 Isobutyl tetradecanoate 33.83 2154 Nd 31.9  D Nd 
26 Butyl tetradecanoate 34.93 2216 Nd 1.0  C Nd 
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Table 3.1 (Continued) 
LRIs 
NO.a Compound RT-MS (min)
FFAP b Ref.c 
FID Peak Area (¯105) Identification d Odor description e 
27 Ethyl hexadecanoate 35.37 2242 2229 0.9 C Balsam, creamy, milky 
28 Decanoic acid 35.50 2249 2274 1.0 B Citrus, rancid, sour  
29 (iso)Amyl tetradecanoate 35.73 2263 Nd 8.5 D Fragrant 
30 Propyl hexadecanoate 36.89 2331 Nd 0.1 D Nd 
31 Isobutyl hexadecanoate 37.39 2361 Nd 1.6 D Nd 
32 Ethyl octadecanoate 38.82 2449 2470 0.3 C Waxy 
33 Dodecanoic acid 39.03 2462 Nd 5.1 C Fatty 
34 (iso)Amyl hexadecanoate 39.15 2469 Nd 5.5 D Nd 
35 Isobutyl octadecanoate 40.67 2567 Nd 0.5 D Fatty 
37 Tetradecanoic acid 42.41 2674 Nd 2.7 C Waxy, oily 
40 Hexadecanoic acid 46.71 2888 2860 1.4 B Nd 
 Peak area of identified    95.4%   
 Sum of peak area    99635492   
a The peak number from Figure 3.1. 
b Experimental linear retention indices on a capillary column DB–FFAP. 
c Linear retention indices reported in online database, the Pherobase: Database of Insect Pheromones and Semiochemicals 
(http://www.pherobase.com/database/kovats/kovats-index.php). 
d Indication of reliability of identification: A, mass spectra and LRI agreed with database, standard and literature; B, mass spectra agreed with standard and 
database; C, mass spectra and LRI agreed with database and literature; D, mass spectra agreed with database. 
e Odor description information was obtained from online database: http://www.thegoodscentscompany.com. 




Reproducibility was examined by determining the intraday and interday 
precisions. The intraday precision was evaluated by testing 5 replicates at low 
and high concentrations and determining the CV values. The intraday 
precision showed CVs of the four esters ranging from 0.62% to 0.76% at low 
concentrations and 1.04% to 1.23% at high concentrations (Table 3.2). The 
interday variation was similarly determined by employing data from 5 runs 
performed over 5 days. The interday precision showed CVs ranging from 
1.29% to 1.50% at low concentrations and 1.35% to 1.46% at high 
concentrations (Table 3.2) for the four octanoic acid esters. All CV levels are 
less than 2%, indicating a good reproducibility. 
 
3.3.4 Recovery test 
As shown in Table 3.3, the recovery results for the four octanoic acid 
esters were in the range of 90.0–100.0% at the first spiking level, 89.5–96.7% 
at the second spiking level, and 93.6–96.4% at the third spiking level. The 
obtained recovery results for the studied four octanoic acid esters indicate that 
the accuracy of the developed sample preparation and analytical method was 




Table 3.2 Quantification method and validation characteristics 
Linearity Precision CV (%) 
Intraday Interday Compounds Range 






Low conc. a High conc. b Low conc. a High conc. b
Ethyl octanoate 50-1000 8.52 (0.15) -0.014 (0.010) 0.999 3.9 12.9 0.62 1.05 1.40 1.35 
Isobutyl octanoate 50-1000 9.46 (0.18) -0.012 (0.014) 0.999 3.6 11.9 0.62 1.04 1.38 1.35 
Butyl octanoate 2.5-50 22.47 (0.45) 0.000 (0.002) 0.999 0.3 0.9 0.76 1.06 1.29 1.46 
Isoamyl octanoate 100-2000 9.15 (0.18) -0.021 (0.027) 0.999 6.5 21.7 0.64 1.23 1.50 1.41 
a Precision at low concentrations  
b Precision at high concentrations  
 
Table 3.3 Recovery test results of the developed quantification method 






















Ethyl octanoate 70.8 80.0 146.3 94.4 100.0 163.0 92.2 200.0 262.9 96.1 
Isobutyl octanoate 138.0 80.0 210.0 90.0 100.0 227.5 89.5 200.0 325.1 93.6 
Butyl octanoate 2.0 2.0 4.0 100.0 3.0 4.9 96.7 6.0 7.7 95.0 
Isoamyl octanoate 298.2 160.0 446.2 92.5 200.0 483.2 92.5 400.0 683.7 96.4 
a The original amount of esters in diluted oil samples.   
b Recovery = (Tested–Original )/Added ¯100%. 
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In Chapter 2, a HS–SPME coupled with GC–MS/FID method was 
developed for the analysis of flavor esters in transesterified coconut oil. This 
method is simple and fast, can be easily automated, allows the selective 
extraction of low-boiling point volatile compounds through regulating the 
extraction conditions. In this chapter, the developed method of direct liquid 
injection after refrigeration treatment shows less discrimination against 
long-chain fatty acid esters and fatty acids with less volatility. On the other 
hand, this developed method provides better reproducibility and higher 
precision (CV of 0.62–1.50%) compared with the HS-SPME-GC-MS/FID 
method (CV of 2.6–6.2%).  
Considering that the HS-SPME method is not only simple but also 
requires no removal of heavy compounds with higher sensitivity, it is suitable 
for analysis of low molecular weight volatiles in oil samples. The method 
described in this chapter shows improved reproducibility and does not require 
expensive apparatuses for sample preparation. Thus, it is particularly suitable 
for analysis of fatty acid esters, especially those volatiles with high-boiling 
points in transesterified oil samples. Therefore, these two methods can be 
applied for oil sample analysis to suit different purposes. 
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3.3.5 Time-course of Lipozyme TL IM-catalysed transesterification of coconut 
oil  
To monitor the kinetic formation of octanoic acid ester during 
transesterification, 20 μL of reaction solution was collected at different time 
points and analysed with the developed method. The curves were fitted by 
applying third-order polynomial fitting function since it has been reported that 
the reaction–diffusion process in an immobilised biocatalyst particle could be 
well interpreted by a third-order approximate solution (158). To prove the 
kinetics of this reaction requires a further study. From Figure 3.2 it can be seen 
that the octanoic acid esters were formed in different amounts and the reaction 
equilibrium was achieved at 20 h or before such as 15 h or less, which may be 
due to the varied concentrations of alcohols in fusel oil. At 20 h, about 7800 
ppm (mg/L, based on oil sample volume) of ethyl octanoate, 12500 ppm of 
isobutyl octanoate, 500 ppm of butyl octanoate and 38600 ppm of (iso)amyl 
octanoate were determined in the transesterified coconut oil. 
 
R 2 = 0.9980
R 2 = 0.9987
R 2 = 0.9859
























Figure 3.2 Time-course formation of octanoic acid esters during 




In this chapter, a simple yet effective sample preparation method by 
refrigeration was presented to separate fatty acid esters from partial glycerides 
and triglycerides. The results obtained from method validation indicate that 
the sample preparation and quantification method developed is suitable for the 
determination of flavour esters formed in transesterified oil. 
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Chapter 4 Lipase-catalysed ester synthesis from coconut oil in 
solvent-free system 
4.1 Introduction 
Lipases are one group of important biocatalysts that have been frequently 
utilised to synthesise fatty acid esters through catalyzing esterification or 
transesterification reaction (71, 116, 159). Particularly, lipase-catalysed 
transesterification was widely employed to directly convert lipids and alcohols 
to desirable flavor esters without prior isolation of free fatty acids (160, 161). 
In the present study, coconut oil and fusel oil were converted to valuable 
flavor esters, especially octanoic acid esters, such as ethyl octanoate (apricot 
like), propyl octanoate (gin like), isobutyl octanoate (floral, green), butyl 
octanoate (butter, herbal) and isoamyl octanoate (green, pineapple like), 
through Lipozyme TL IM-catalysed transesterification, which has not been 
investigated to date.  
Lipozyme TL IM is a relatively inexpensive immobilised lipase obtained 
from Thermomyces lanuginosua. This enzyme has been widely employed for 
the preparation of biodiesel (162, 163), cocoa butter equivalent (64), bioactive 
compound (5-fluorouridine lipophilic ester derivatives) (164), wax esters 
(165), and flavor esters such as isoamyl acetate and citronellol acetate (73, 
166).  
The immobilization of this lipase allows it to effectively catalyse 
reactions in non-aqueous media such as solvent-free systems and organic 
solvent media. Compared with the organic solvent media, the solvent-free 
system is more advantageous since it offers greater safety margins, higher 
initial reaction rates associated with increased reactant concentrations and 
consequently volumetric productivity (58, 161, 162). However, a solvent-free 
system shows several drawbacks: 1) the operational stability of immobilised 
enzymes may drop suddenly after the first batch reaction (167-169); 2) lipase 
activity could be inhibited by high concentration of substrates, especially polar 
alcohols; 3) mass transfer between enzyme supports and bulk liquid is limited 
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due to high viscosity of the oil.  
To overcome these limitations and reduce biocatalysis cost, wash 
treatment was employed in several studies to recover the catalytic capacity 
(162, 167, 170). But the effectiveness of this method may differ when different 
solvents are applied. Stepwise addition of alcohol substrate was also reported 
to reduce the inhibitory effect of alcohol on lipase activity (171). Besides that, 
the optimization of reaction parameters such as molar ratio of alcohol to oil, 
enzyme loading, agitation, and temperature is also critical for improving the 
process efficiency and yield of esters. 
The objectives of this chapter were to convert coconut oil and fusel oil to 
valuable fatty acid esters through Lipozyme TL IM-mediated solvent-free 
transesterification and to understand the effects of various parameters 
including reactant molar ratio, enzyme loading, reaction temperature, reaction 
time and shaking speed on the formation of valuable esters (octanoic acid 
esters, namely ethyl-, butyl-, isobutyl-, propyl- and (iso)amyl octanoate). In 
addition, the effect of wash treatment with different solvents on improving the 
operational stability of Lipozyme TL IM was investigated.  
4.2 Materials and methods 
4.2.1 Materials and reagents 
The material and reagents used in this part of study are referred to 
Chapter 2 (section 2.2.1). The molecular weight of coconut oil used was 
estimated to be 654 g moL-1 according to its fatty acid composition (Table 4.1) 
determined using an in situ methanolysis method (172). The average 
molecular weight of the fusel oil used was estimated to be 73 g moL-1 
according to its composition (Table 2.1, Chapter 2). 
 
4.2.2 Solvent-free transesterification of coconut oil 
Ten grams of coconut oil, variable amounts of fusel oil and immobilised 
enzyme (Lipozyme TL IM) were added in a 100-mL conic flask with rubber 
stopper and incubated in a reciprocating water bath (SW22, Julabo, Seelbach, 
Germany) to carry out the transesterification reaction. Effects of reaction 
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parameters including reactant molar ratio (alcohol to oil, 0.5–3.4:1), enzyme 
loading (5–30%, wt/wt), reaction temperature (23–60ºC), shaking speed 
(0–200 rpm), and reaction time (2–25 h) on the formation of octanoic acid 
esters were investigated. The reaction was stopped by separating the 
immobilised enzyme from the reaction solutions through centrifugation 
(Sigma 3–18K centrifuge, 1731g, 10 min, 20ºC). The upper layer liquid 
sample was collected and stored at 4ºC for further analysis with 
HS–SPME–GC–MS/FID method demonstrated in Chapter 2. All the reactions 
were performed in duplicate. 
 
Table 4.1 Fatty acid composition of the coconut oil 
Fatty acid Weight (wt. %) 
Hexanoic acid (C6:0) 0.67 ± 0.01 
Octanoic acid (C8:0) 8.40 ± 0.17 
Decanoic acid (C10:0) 6.91 ± 0.15 
Lauric acid (C12:0) 47.58 ± 1.06 
Myristic acid (C14:0) 17.74 ± 0.56 
Palmitic acid (C16:0) 8.99 ± 0.44 
Stearic acid (C18:0) 2.86 ± 0.18 
Oleic acid (C18:1 ) 6.75 ± 0.47 
Linoleic acid (C18:2 ) 1.72 ± 0.10 
Others fatty acids a <1% 
a Other fatty acids (arachidic and lignoceric acids)  
 
4.2.3 Stability of Lipozyme TL IM 
To improve the operational stability of Lipozyme TL IM during 
continuous batch reactions, wash treatment with different solvents was 
conducted. After each batch reaction, the immobilised lipase was recovered 
from the reaction media by centrifugation, washed with water, ethanol, and 
n-hexane respectively, and dried in a 40 ºC oven. Then, the dried immobilised 
lipase was added into fresh substrate mixtures of coconut oil and fusel oil to 
carry out a new batch reaction. In the control, the lipase was just wrapped with 
filter paper before being subjected to the next batch of reaction. The residual 
catalytic capacity of immobilised lipase was expressed by percent peak area of 
octanoic acid esters of different batch reactions relative to that of the first 
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batch reaction.  
4.2.4 Sample analysis.  
HS-SPME method was employed for the sampling volatile compounds 
from oil samples. In Chapter 2, HS-SPME parameters have been optimised. 
One millilitre methanol-diluted oil sample was added into a SPME vial 
(20-mL). CAR/PDMS fibre was used to extract volatile compounds under the 
optimised conditions: extraction temperature was 60ºC, extraction time was 30 
min at 250 rpm. After adsorption, the fibre was desorbed in the injection port 
of GC, and these volatile compounds were detected by MSD and FID. The GC 
conditions used refer to Chapter 2 (section 2.2.5). 
The formation of octanoic acid esters including ethyl octanoate, propyl 
octanoate, isobutyl octanoate, butyl octanoate, active amyl octanoate and 
isoamyl octanoate was investigated in this study. The total FID peak area of 
the 6 octanoic acid esters was used to monitor the effects of reaction 
parameters on the formation of these esters during the transesterification 
reactions. Different reaction conditions led to the formation of different 
amounts of the interested esters. The FID peak areas of these esters were 
increased as more oil was transesterified with alcohols under favorable 
reaction conditions. 
All the data were obtained in triplicate to calculate the mean FID peak 
area of octanoic acid esters and SD. The statistical analysis was carried out 
with analysis of variance (ANOVA) at the confidence level of 95% (p ≤ 0.05, 
α=0.05), and multiple comparisons of the means were further performed with 
the least significant difference (LSD) test if the significant difference was 
indicated by ANOVA result. According to the LSD test, the mean values 
showing no significant differences were labeled with the same letters. 
 
4.3 Results and discussion 
Enzymatic transesterification of vegetable oil with alcohol is generally 
deemed as a direct alcoholysis reaction and/or a two-step process of 
simultaneous hydrolysis and esterification (152). Since fusel oil contains a 
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certain amount of water, hydrolysis and esterification may also occur during 
the lipase-catalysed transesterification reaction in the solvent-free environment, 
but a further study is needed to verify the mechanism. To obtain high 
transesterification yield, effects of various parameters such as alcohol 
substrate concentration, enzyme loading, reaction temperature, reaction time 
and agitation were investigated.  
 
4.3.1 Effect of reactant molar ratio  
The kinetics of lipase-catalysed transesterification has been proposed to 
be Ping-Pong Bi Bi mechanisms with alcohol inhibition (152). Polar substrates 
are known to cause adverse effects on enzyme active conformation by 
destroying protection of the water micro-layer around the enzyme molecule 
(173). Thus, even though a high initial concentration of alcohol can shift the 
equilibrium towards a faster transesterification reaction, it also has the 
potential to inhibit the reaction through inactivating the enzyme, especially 
when the alcohol shows a poor solubility in an oil matrix (143, 152). It is 
essential to avoid the adverse effects caused by the short-chain alcohols and to 
ensure a rapid reaction with a maximum generation of target flavor esters.  
The effect of reactant molar ratio on Lipozyme TL IM-catalysed 
transesterification of coconut oil with fusel oil was investigated in the range of 
0.5-3.4:1 (fusel oil to coconut oil). Figure 4.1A shows the effect of reactant 
molar ratio on the formation of octanoic acid esters. The amount of octanoic 
acid esters generated increased upon the increase of the molar ratio from 0.5 to 
3.0:1. The highest amount was achieved at a molar ratio of 3.0:1 which was 
selected as the optimum molar ratio for subsequent studies. A slight reduction 
was observed as the molar ratio was further increased from 3.0 to 3.4:1, which 
may be due to the inhibition on lipase activity by alcohols, especially 
short-chain polar alcohols. The excess hydrophilic alcohols, particularly 
ethanol, could inhibit transesterification reaction through reversely binding to 
the enzyme active site (58). There is also a study showing that the 
conformation of lipases is likely to be disrupted when they are in contact with 
polar alcohols, especially if the alcohols are not soluble in oil phase (174). On 
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the other hand, the water content in the reaction media may also contribute to 
the decreased yield of esters in solvent-free systems. Although an optimum 
amount of water in the reaction media can enhance the enzyme catalytic 
efficiency, a high water content may also adversely affect ester synthesis 
during transesterification (143, 175). The fusel oil used in this study contained 
about 10.7% (wt/wt) of water, and hence, as more fusel oil were added, the 
increased water content may lead to the raised hydrolysis rate and the reduced 
transesterification yield. However, considering that the water content achieved 
at molar ratio of 3.0:1 (2.7%, wt/wt) was close to that at molar ratio of 3.4:1 
(2.9%, wt/wt), the major factor leading to the reduced transesterification yield 
















































































































































Figure 4.1 Effect of reaction parameters on the synthesis of octanoic acid 
esters during transesterification of coconut oil with fusel alcohols. A: Effect of 
molar ratio of alcohol to oil; B: Effect of enzyme loading; C: Effect of 
reaction temperature; D: Effect of shaking speed. Mean values labeled with 




4.3.2 Effect of enzyme loading 
Although a high enzyme loading may contribute to high yields of fatty 
acid esters, excessive enzyme particles in the reaction mixture may lead to 
decreased mass transfer efficiency, especially when the reaction was 
performed in a solvent-free system by immobilised enzyme. To ensure high 
transesterification yield and economical feasibility, optimum enzyme loading 
was investigated. The effect of enzyme loading on the formation of octanoic 
acid esters was studied in the range of 5–30% (wt/wt based on oil weight) and 
keeping the other reaction parameters constant. As shown in Figure 4.1B, a 
positive effect of enzyme amount on the transesterification yield was 
demonstrated by the increased formation of octanoic acid esters in the range of 
5-15% wt/wt. However, a further increase of enzyme amount from 15 to 30% 
wt/wt caused a slight reduction of the octanoic acid esters but not statistically 
significant. This is because as the high amount of immobilised enzyme was 
added, especially in the solvent-free system, the viscosity of the reaction 
medium was increased and further led to the less effective transfer of the 
substrates to the active sites of the excess enzyme molecules inside the bulk of 
enzyme particles (71, 176). In a solvent-free system, the catalytic performance 
of the immobilised lipase is affected by the effective interfacial area (177). 
Hence, as the substrates could not get access to the active sites of the excess 
enzymes, the effective interfacial area was reduced and further, the 
transesterification yield failed to increase even though more immobilised 
enzyme was added. To obtain a high transesterification yield, 15% wt/wt was 
selected as the optimum enzyme loading applied to the subsequent 
transesterification of coconut oil.  
 
4.3.3 Effect of reaction temperature  
Reaction temperature is an important factor affecting both enzyme 
activity and stability. In most cases, the reaction rate increases with a rise of 
reaction temperature, but the stability of the enzyme may decline. In addition, 
as the temperature rises above a certain degree, the enzyme might be 
inactivated. To investigate the effect of reaction temperature on the formation 
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of octanoic acid esters, the transesterification of coconut oil with fusel oil was 
performed at different temperatures varying from 23 to 60 ºC. Figure 4.1C 
shows that no significant difference in the formation of octanoic acid esters 
was observed within the studied temperature range according to the ANOVA 
test result (p >0.05). This result is in confirmation with the earlier report on the 
transesterification of vegetable oils with Lipozyme TL IM (162). And it could 
be explained by the thermal stability of this immobilised lipase. On the other 
hand, the reaction equilibrium may be achieved at a faster rate, which could be 
one reason for the insignificant difference observed at different reaction 
temperatures. Although high temperature normally contributes to high reaction 
velocity during one batch reaction or short-term application, as for a long-term 
operation, it also rapidly results in loss of enzyme activity and consequently 
reduction of operational stability. Therefore, an optimum reaction temperature 
should be determined as a compromise between the operational stability and 
the rate of transesterification. To protect the enzyme from thermal deactivation, 
especially during batch reactions, 23 ºC (room temperature) was selected as 
the reaction temperature for the subsequent study. The result also indicates a 
low energy consumption characteristic of this reaction system which makes it 
appealing for industrial applications.  
 
4.3.4 Effect of shaking speed 
In the immobilised enzyme-catalysed transesterification reactions, 
reactants have to transfer from the liquid phase to the external surface of 
enzyme particles, and then arrive at the active sites of the catalysts (176). 
Meanwhile, the generated products need to diffuse out from the enzyme 
particles to the bulk liquid to alleviate product inhibition. Proper agitation at 
optimum speed plays an important role in enhancing external mass transfer. To 
observe the effect of agitation on overcoming mass transfer limitation during 
solvent-free transesterification reactions, experiments were carried out at 
different shaking speed varying from 0 to 200 rpm. It is found (Figure 4.1D) 
that the formation of octanoic acid esters gradually increased as the shaking 
speed increased from 0 to 130 rpm and the maximum was achieved at 130 rpm. 
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No significant difference was observed as the shaking speed was further 
increased to 200 rpm, which demonstrates that the mass transfer resistance has 
been decreased to approximately minimum level. The highest 
transesterification yield of octanoic acid esters was noticed at 130 rpm. No 
further increment was observed upon increasing the shaking speed to 200 rpm, 
indicating that the reaction rate may not be affected by the mass transfer 
limitation as the shaking speed exceeded 130 rpm. Thus, the shaking speed of 
130 rpm was adopted in the subsequent studies. For transesterification in 
solvent-free systems, applying mild agitation is one effective way to enhance 
catalytic efficiency of the immobilised lipase.  
 
4.3.5 Effect of reaction time 
Under the above-optimised conditions, the time-course formation of 
esters was studied within a 25-h period. Figure 4.2 shows that the amount of 
octanoic acid esters in the reaction solutions increased gradually with the 
increase of reaction time from 2 to 15 h. No significant increment of the 
production of octanoic acid esters was observed as the reaction time was 
further increased from 15 to 25 h. Since the highest peak area of octanoic acid 
esters was achieved at 20 h, it was selected as the optimum reaction time. 
However, different equilibrium times were obtained for different octanoic acid 
esters (data not shown); for example, the equilibrium point for propyl-, butyl-, 
ethyl-, isobutyl octanoates was around 15 h and for isoamyl octanoate it was 
20 h. This could be due to the different concentrations of the alcohols in the 
fusel oil. In addition, the different polarities of the alcohols may also 








































Figure 4.2 Effect of reaction time on the synthesis of octanoic acid esters (p < 
0.05). Reaction conditions: Molar ratio, 3.0:1 (alcohol to oil); enzyme loading, 
15% wt/wt; temperature, 23 ºC; shaking speed, 130 rpm; Mean values labeled 
with same letters are not significantly different according to the LSD test. 
 
4.3.6 Operational stability of Lipozyme TL IM 
Reusability is an important characteristic of immobilised enzyme 
demanded by industrial productions to reduce the cost. However, the reported 
stability of Lipozyme TL IM varies in different studies. For example, a study 
on biodiesel production with waste oil and methanol in t-butanol showed that 
Lipozyme TL IM could maintain about 86% activity after 10 batches of 
reaction (175), but another study on ethanolysis of soybean oil by Lipozyme 
TL IM showed that only about 20% activity remained after 7 batches of 
reaction (167). The different results reported indicate that the reusability of 
immobilised enzymes may vary in different reaction systems as different 
substrates are applied. In the present study, the reduced activity of Lipozyme 
TL IM, especially in the second batch reaction, was observed during the 
transesterification of coconut oil with fusel alcohols (Figure 4.3). This may be 
due to two major reasons. Firstly, glycerol produced during the reaction and 
water in the substrates were able to form a hydrophilic layer outside the 
enzyme supports that prevented the transfer of non-polar triglycerides to the 
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enzyme active sites (175). Secondly, the mass transfer of products between the 
enzyme particles and the reaction solutions was limited, which contributed to 




























Figure 4.3 Effect of wash treatments with solvents on the operational stability 
of Lipozyme TL IM. Reaction conditions: Molar ratio, 3.0:1 (alcohol to oil), 
enzyme loading, 15% wt/wt, temperature, 23 ºC; time, 20 h; shaking speed, 
130 rpm. 
 
With the aim to investigate the effect of wash treatment on enzyme 
reusability, the used enzyme was washed with n-hexane, ethanol and water, 
respectively, after each batch reaction and was subjected to a new batch 
reaction with fresh substrates under the same reaction conditions. Figure 4.3 
shows the effect of wash treatment on the enzyme reusability. It can be seen 
that the operational stability of the enzyme subjected to n-hexane wash 
treatment decreased in a similar trend to that in the control (no wash 
treatment), which indicates that n-hexane is not effective in recovering the 
catalytic capacity of Lipozyme TL IM. The improved operational stability of 
the immobilised enzyme within 5 reaction batches was achieved by washing 
with water and ethanol, suggesting that glycerol and water adsorbed onto the 
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enzyme particles may be the critical factor contributing to the decreased 
operational stability of Lipozyme TL IM during the transesterification of 
coconut oil. Since glycerol is more soluble in water and ethanol than in 
n-hexane, hence, water and ethanol are able to effectively recover the activity 
the immobilised lipase. However, water may also wash off certain amount of 
enzyme from immobilization supports and cause catalytic activity loss. Thus, 
wash treatment is effective for improving the operational stability of 
Lipozyme TL IM during continuous batch reactions, and the solvent applied 
should be properly selected according to the characteristics of reaction 
systems.  
 
4.3.7 Determination of key esters formed under optimised conditions 
Ethyl octanoate, isobutyl octanoate, butyl octanoate and (iso)amyl 
octanoate were quantified in this study using ethyl nonanoate as the internal 
standard to construct calibration curves by plotting the peak area ratio of each 
standard to the internal standard against the concentration of the respective 
standard. The results show that about 10.4 mg ethyl octanoate, 19.2 mg 
isobutyl octanoate, 0.7 mg butyl octanoate and 54.8 mg (iso)amyl octanoate 
were produced from per gram coconut oil under the above-optimised 
conditions. Besides octanoic acid esters, other fatty acid esters were also 
formed such as ethyl decanoate, propyl dodecanoate, isobutyl dodecanoate, 
which are shown in Table 4.2. Isobutyl, active amyl and isoamyl alcohols were 
the residual reactants from the fusel oil added. Some small amounts of volatile 
compounds such as benzaldehyde, methyl decanoate, and methyl 
tetradecanoate were likely carry-overs from the applied substrates. To separate 
each ester from the resultant reaction mixture, methods are available that 
include distillation (based on different boiling points) and membrane 







Table 4.2 Major flavor compounds identified in transesterified coconut oil 
LRI Compounds FID Peak Area (%) FFAP a Ref. d 
Identity 
b 
Alcohols     
Isobutyl alcohol 4.86 1064 nd c A 
Amyl alcohols 18.86 1190 1217 A 
Esters     
Isoamyl acetate 3.65 1094 1117 B 
Ethyl hexanoate 0.45 1222 1226 B 
Isobutyl hexanoate 0.70 1347 nd  C 
Ethyl octanoate 5.83 1432 1427  A 
Propyl octanoate 0.49 1517 nd A 
Isobutyl octanoate 8.86 1552 1496 A 
Methyl decanoate 0.05 1594 nd B 
Butyl octanoate 0.25 1612 nd A 
Ethyl decanoate 3.87 1638 nd A 
(iso)Amyl octanoate 22.63 1662 nd  A 
Propyl decanoate 0.23 1722 nd B 
Isobutyl decanoate 3.15 1755 nd  C 
Methyl dodecanoate 0.14 1801 nd B 
Butyl decanoate 0.07 1816 nd B 
Phenethyl acetate 0.04 1824 1821 B 
Ethyl dodecanoate 7.27 1844 nd A 
(iso)Amyl decanoate 4.04 1863 nd C 
Propyl dodecanoate 0.32 1927 nd B 
Isobutyl dodecanoate 3.97 1959 nd C 
Methyl tetradecanoate 0.04 2008 nd B 
Butyl dodecanoate 0.08 2021 nd B 
Ethyl tetradecanoate 0.63 2047 nd B 
(iso)Amyl dodecanoate 4.99 2068 nd  C 
Propyl tetradecanoate 0.03 2132 nd  C 
Ethyl hexadecanoate 0.05 2252 nd  B 
Others     
Benzaldehyde 0.11 1543 1556 B 
2–Undecanone 0.06 1600 nd B 
Octanoic acid 0.54 2057 2059 A 
Total identified (%) 96.26    
Total peak area (all 
volatiles) 4.75E+08    
a Experimental retention index on capillary column DB–FFAP. 
b Indication of reliability of identification: A: mass spectra and LRI agreed with database and 
standard; B: mass spectra and LRI agreed with database and literature; C: mass spectra agreed 
with database. 
c nd: no data found in literature. 
d LRIs on FFAP capillary column reported in the literature (179-184). 
 
4.4 Conclusion 
Coconut oil and fusel oil were effectively converted to valuable flavor 
esters through biocatalysis performed in a solvent-free system using 
inexpensive immobilised lipase Lipozyme TL IM. This method allows 
production of natural aroma esters without generating hazardous by-products 
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and shows good sustainability since the materials are renewable and relatively 
cheap. The obtained mixture of esters may be used as a fruity flavoring 
ingredient in food applications such as imitation cheese products to enhance 
their fruity flavor characteristics. These esters may be extracted from the 
reaction mixture by using distillation and membrane separation such as 
pervaporation (178). As such, they may be applied in the flavor and fragrance 
industries as individual compounds after separation, purification and 
concentration.  
Through investigating the effects of reaction parameters on the formation 
of flavor esters, it was found that molar ratio of alcohol to oil, shaking speed 
and enzyme loading were three statistically significant factors according to the 
ANOVA test results. The optimum conditions obtained were as follows: 3.0:1 
molar ratio of alcohol to oil, 15% of enzyme loading, reaction temperature of 
23 ºC, shaking speed of 130 rpm, and reaction time of 20 h. 
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Chapter 5 Optimization of ester synthesis from coconut oil with 
response surface methodology 
5.1 Introduction 
In Chapter 4, the optimization of reaction conditions was investigated 
using one-variable-at-a-time experimental design. From the results obtained in 
Chapter 4, it can be seen that the factors that significantly affected the 
lipase-catalysed synthesis of esters in the solvent-free system were molar ratio, 
shaking speed and enzyme loading. The main effects of these factors were 
investigated, but the interactive effects among the variables studied were not 
demonstrated, because the complete effects of important parameters on the 
lipase-catalysed synthesis of octanoic acid esters could not be obtained 
through the one-variable-at-a-time method. RSM is one proven effective 
experimental design method that is able to generate sufficient information on 
statistically acceptable results with a reduced number of experiments (185). 
RSM employs both mathematical and statistical techniques to interpret 
relationships of responses and studied parameters through generating graphical 
perspectives after fitting a mathematical model to experimental data. To 
optimise a process using RSM, several steps are involved (185, 186): 1) 
screening independent factors and select a suitable experimental design to 
determine studied levels of factors according to the objectives of the study; 2) 
conducting the experiments according to the selected experimental matrix; 3) 
fitting the obtained experimental data to a polynomial mathematic model; 4) 
carrying out ANOVA test to evaluate the obtained model; and 5) verifying the 
developed model through confirmation test under obtained optimum levels of 
studied factors. Through applying RSM, the interested factors are 
simultaneously optimised and the optimal bioprocess conditions are attained. 
Owing to its advantages in studying multiple variables and providing 
important interactive effects between factors, RSM has been frequently 
applied in the optimization of lipase-mediated biocatalytic processes (86). 
In this chapter, to gain a better understanding of the relationships between 
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these key factors and the yield of esters during Lipozyme TL IM-catalysed 
transesterification of coconut oil with fusel oil, the investigation of the main 
effects and interactive effects of these factors on the response was conducted 
using RSM. Therefore, the objective of this study was to further investigate 
the effects of the independent reaction parameters including reactant molar 
ratio, enzyme loading and shaking speed on conversion using RSM. The 
optimization of this biocatalytic process was conducted using central 
composite design (CCD). 
 
5.2 Materials and Methods 
5.2.1 Materials and reagents 
Fatty acid composition of coconut oil used in this part of study was 
determined (by weight): C6 acid of 0.7%, C8 acid of 8.3%, C10 acid of 6.8%, 
C12 acid of 47.0%, C14 acid of 17.4%, C16 acid of 8.8% and C18 acid of 
11.0%. The major alcohol composition of fusel oil used in this part of study 
was determined (by weight): ethanol of 6.2%, propanol of 0.7%, isobutyl 
alcohol of 12.8%, (iso)amyl alcohol of 47.8% and 0.5% of butanol. Molecular 
weight of coconut oil was estimated as 654 g/mol according to its fatty acid 
composition and further confirmed with its average saponification value (187). 
Fusel oil is mainly consisted of short-chain alcohols and water, the molecular 
weight was estimated as 66 g/mol according to its major chemical composition. 
The information on lipase Lipozyme TL IM and ester standards is referred to 
Chapter 2 (section 2.2.1). 
 
5.2.2 Transesterification reaction assays and analysis 
Lipozyme TL IM was employed to catalyse the transesterification of 
coconut oil with fusel oil. The reaction was performed in 20-mL screw-cap 
glass bottles with a defined amount of enzyme (7.38–22.62%, by weight of 
coconut oil) and a mixture of fusel oil (0.3–0.9 g) and coconut oil (3.06 mmol) 
in an appropriate range of molar ratio (1.48–4.52:1, alcohol/oil). The reactants 
were incubated in a linear shaking water bath (speed range 20–200 rpm) at 
 65
different shaking speed (59–181 rpm) at 25 ºC for 20 h. The reaction was 
stopped by separating the immobilised enzyme from the reaction solutions 
through centrifugation. Twenty microlitres of oil samples obtained were 
spiked with 100 μL of internal standard solution (ethyl nonanoate, 1.2 mg/mL) 
and diluted to 1.0 mL with n-hexane. The sample preparation and GC-MS/FID 
analysis methods used were depicted in Chapter 3 (section 3.2.3) and Chapter 
2 (section 2.2.5), respectively. 
Quantification of major octanoic acid esters was achieved by establishing 
calibration curves through plotting FID peak area ratios of ester standards to 
that of the internal standard against the concentrations of ester standards. The 
conversion (molar conversion) was determined in terms of mmol of octanoic 
acid esters formed to mmol of octanoic acid present in the coconut oil 
multiplied by 100%. 
 
5.2.3 Experimental design and statistical analysis 
The results of single factor experiments suggested that the important 
factors affecting the transesterification of coconut oil and fusel oil were molar 
ratio (mmol/mmol) of alcohol to oil, enzyme loading (wt.%, by oil weight) 
and shaking speed (rpm). To further improve the biocatalytic efficiency of 
Lipozyme TL IM, a five-level-three-factor CCD was employed in this study to 
evaluate the effects of the above three factors on the conversion of octanoic 
acid during the transesterification reaction. The 20 different experiments 
required were conducted in a random order by considering 8 factorial points, 6 
axial points and 6 center points. The variables investigated and their levels 
selected for the study of flavor ester synthesis are described in Table 5.1. The 
independent factors (xi), levels studied and experimental design in terms of 
actual values are shown in Table 5.2. The results from experiments carried out 
for model development were analysed with the Design–Expert 7.0.0 
(Stat–Ease, USA) software to conduct the response surface regression 
procedure to fit a second-order polynomial model Eq. (5.1): 
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= + + +∑ ∑ ∑ ∑                        (5.1) 
 
where Y is the response (% molar conversion); β0, βi, βii, βij were constant 
coefficients (β0, constant; βi, linear effect term coefficients; βii, quadratic term 
coefficients; and βij, cross term coefficients), xi and xj were coded independent 
variables. 
 
Table 5.1 Factors and their levels for central composite design (CCD) a 
 
Factors Symbol Coded factor levels 
  -1.52 -1 0 1 1.52 
Molar ratio (alcohol/oil) x1 1.48 2.0 3.0 4.0 4.52 
Enzyme loading (%)c x2 7.38 10.0 15.0 20.0 22.62 
Shaking speed (rpm) x3 59 80 120 160 181 
a α=1.52 
c The enzyme loading was based on coconut oil weight 
 
5.3 Results and Discussion 
5.3.1 Model fitting 
The experimental and predicted conversions obtained from the 20 trials 
for the statistical design are shown in Table 5.2. Regression analysis was 
performed using second order regression Eq. (5.1). The coefficients in Eq. (5.2) 
were obtained using Design–Expert 7.0.0 software which was given below: 
 
( ) 2 21 2 3 1 2
2
3 1 2 1 3 2 3
% 52.05 5.34 5.14 11.33 6.50 7.08
1.39 2.97 1.00 0.76
Conversion x x x x x
x x x x x x x
= + + + − −
− + + −      
(5.2) 
The statistical analysis of the developed second-order regression model is 
shown in Table 5.3. According to the ANOVA test results, the second-order 
polynomial model (Eq. (5.2)) was statistically significant (p-value < 0.001). 
The result of lack of fit (p-value >0.05) indicates that the model was adequate 
 67
to represent the experimental data. The coefficient of determination (R2) of the 
developed model was 0.947, which demonstrates that the model could 
adequately indicate the actual relationships between the responses (conversion, 
%) and the selected variables.  
 
Table 5.2 CCD experimental design and actual, predicted conversions 
 
Factor A Factor B Factor C Conversion (%) 
Run 
Molar ratio  Enzyme loading  (%) 
Shaking speed 
(rpm) Actual Predicted 
1 2.0 10.0 80 16.53 18.48  
2 4.0 10.0 80 25.74 21.22  
3 2.0 20.0 80 25.69 24.34  
4 4.0 20.0 80 38.37 38.97  
5 2.0 10.0 160 41.19 40.65  
6 4.0 10.0 160 45.98 47.39  
7 2.0 20.0 160 38.90 43.47  
8 4.0 20.0 160 64.00 62.10  
9 1.48 15.0 120 31.81 28.79  
10 4.52 15.0 120 42.16 45.08  
11 3.0 7.38 120 26.62 27.76  
12 3.0 22.62 120 44.67 43.44  
13 3.0 15.0 59 29.34 31.54  
14 3.0 15.0 181 68.38 66.08  
15 3.0 15.0 120 47.81 52.05  
16 3.0 15.0 120 46.45 52.05  
17 3.0 15.0 120 55.89 52.05  
18 3.0 15.0 120 49.48 52.05  
19 3.0 15.0 120 56.15 52.05  
20 3.0 15.0 120 56.43 52.05  
 
The F–test results presented in Table 5.3 indicate that the investigated 
independent factors including molar ratio (x1), enzyme loading (x2) and 
shaking speed (x3) are all statistically significant terms imbedded in the 
polynomial model. The coefficient values (Table 3) depict that for the linear 
effect, the tested three variables are all determining factors for octanoic acid 
ester yields due to the high coefficients of 5.34 (x1), 5.14 (x2) and 11.33 (x3), 
respectively. Although shaking speed (x3) was associated with highest 
coefficient value for the linear effect, x32 did not exert a significant 
second-order effect on the response.  
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Table 5.3 Coefficients of the model and ANOVA results 
 Source Sum of square  DF Mean square F value Probability > F 
Model 3420.01 9 380.00 19.96 < 0.001 
Residual 190.43 10 19.04   
Lack of Fit 83.76 5 16.75 0.79 0.60 
Pure Error 106.67 5 21.33   
Total 3610.44 19     
R2 0.947     
      
Coefficients Coefficient estimate Standard error F value p-value 
a 
Intercept 52.05 1.75  19.96 < 0.001 
x1 5.34 1.23  18.94 0.001 
x2 5.14 1.23  17.56 0.002 
x3 11.33 1.23  85.18 < 0.001 
x1x2 2.97 1.54  3.71 0.083 
x1x3 1.00 1.54  0.42 0.532 
x2x3 -0.76 1.54  0.24 0.634 
x12 -6.50 1.33  23.97 0.001 
x22 -7.08 1.33  28.41 < 0.001 
x32 -1.39 1.33  1.10 0.319 
a p-value was obtained from ANOVA, the terms were considered as significant when p-value < 
0.05 (confidence level at 95%) 
 
Overall, the individual effects from the quadratic terms of molar ratio (x12) 
and enzyme loading (x22) are both the important variables for the polynomial 
model of octanoic acid conversion as shown in Eq. (5.2). Moreover, the plots 
of normal residues, outlier T plot and predicted versus actual distribution did 
not show significant violations on the model assumptions. Hence, the 
predictive model for the enzymatic synthesis of octanoic acid esters is 
adequate for the formulation, optimization and process simulation.  
From Table 5.3 it can be seen that the cross terms (x1x2, x1x3 and x2x3) and 
x32 are not statistical significant terms in the developed model, which indicates 
that the interactions between the three variables and second–order effect of 
shaking speed are not statistically significant in the studied ranges. Thus, the 






( ) 2 21 2 3 1 2% 51.17 5.34 5.14 11.33 6.50 7.08Conversion x x x x x= + + + − −      
(5.3) 
 
The R2 of the simplified model was 0.918 and it was still considered 
adequate for determining the relationships of selected variables between the 
responses according to the ANOVA result obtained (data not shown). Although 
the model shown in Eq. (5.3) is simpler, to obtain more desirable prediction 
results, Eq. (5.2) was used for the subsequent analysis. This is because the 
model presented by Eq. (5.2) was capable of offering more adequate 
prediction since effects of more variable items were considered.   
 
5.3.2 Effects of enzymatic synthesis parameters 
The two-dimensional contour plots and three-dimensional plots generated 
based on the developed model (Eq. (5.2)) were used to evaluate the main and 
mutual effects of the independent factors on the synthesis of octanoic acid 
esters. The interactive effect between molar ratio and enzyme loading is 
shown in Figure 5.1 (a) and (b). Enzymatic transesterification of coconut oil at 
a 3.0–3.5:1 molar ratio of alcohol to oil and 15.0–17.5% (wt.%) of enzyme 
loading could produce the maximum amount of octanoic acid esters. The 
conversion of octanoic acid increased linearly with the rise of molar ratio from 
2.0 to 3.5:1 and leveled off with a further increase. The drop of conversion at 
high molar ratios was indicated by the convex curvature in the three 
dimensional plot. In the reaction medium containing coconut oil and fusel oil, 
high concentration of alcohol was responsible for the reduced catalytic activity 
of the lipase and consequently decreased conversion of octanoic acid. 
Regarding the inhibition mechanism of the alcohol substrate on lipase activity, 
there are two types of illustrations. The first one is that polar alcohols at high 
concentrations in a solvent-free system can strip the essential hydration of the 
enzyme to disrupt enzyme conformation and thus, causing inactivation (174). 
The second one is that alcohol substrate can cause competitive inhibition 
 70
during lipase-catalysed transesterification reaction (188). The different 
explanations generalised from different studies indicate that the specific 
mechanism of alcohol inhibition effects is required to be further elucidated.  
Similarly, the increase of enzyme loading from 10.0 to 15.0% (wt.%) led 
to an increase in the conversion, whereas no significant effect was observed as 
the enzyme loading increased from 15.0 to 17.5% (wt.%) and the conversion 
was slightly reduced as the enzyme loading was further increased to 20.0% 
(wt.%) (Figure 5.1). This could have been caused by the aggregation of the 
immobilised enzyme which was reported elsewhere (175). In addition, the 
excess enzyme molecules which remained inside the bulk of enzyme particles 
might have also contributed to the reduced lipase catalytic efficiency because 
of the impaired mass transfer of the substrates from the viscous oil phase to 
the enzyme particles and enzyme active sites (176). In the literature, varied 
enzyme amounts were applied in different reaction systems. In a study on 
transesterification of soybean oil with ethanol, 15% enzyme loading was used 
(56). However, during the methanolysis of lard for biodiesel production, only 
4% of Lipozyme TL IM was applied (189). Thus, the enzyme amount required 
may depend on the oil substrates, alcohol types and the specific reaction 
conditions such as temperature. The interaction between molar ratio and 

































































































Figure 5.1 Contour and response surface plots for octanoic acid conversion over molar ratio and enzyme loading where (a) 2-D 
contour, (b) 3-D response plot at shaking speed of 120 rpm, reaction time of 20 h, reaction temperature of 25 ºC.  
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Figure 5.2 (a) and (b) depict the interactive effects of molar ratio and 
shaking speed on the conversion of octanoic acid. The maximum conversion 
was achieved at shaking speed of 140–160 rpm and the molar ratio was in the 
range of 3.0–3.5:1. Agitation showed positive effects on the conversion of 
coconut oil to octanoic acid esters in the solvent-free system. With an 
abundant amount of alcohols, increasing the agitation speed could effectively 
enhance the conversion. On the other hand, the deactivation effect caused by a 
high concentration of alcohols in the solvent-free transesterification system 
could be relieved by agitation due to improved mass transfer between the oil 
phase and the enzyme support particles. This may be because with a higher 
shaking speed the alcohols were used up much faster than being able to exert 
their inhibitory effects on the lipase. The positive effects of agitation were also 
reported in a study on transesterification of vegetable oils catalysed by 
immobilised lipases (190). However, at a much higher shaking speed, the 
enzyme may be thrown out of the reaction liquid, thereby reducing the 
effective catalyst loading (176), but this was not observed in the present study.  
Figure 5.3 (a) and (b) illustrate the effects and mutual effects of enzyme 
loading and shaking speed on the conversion of octanoic acid for the 
enzymatic synthesis of octanoic acid esters. As indicated by the contour and 
response surface, the conversion increased with the increase of enzyme 
loading and shaking speed. The best result predicted was reached around 
17.5% (wt.%) of enzyme loading and 140–160 rpm of shaking speed. As the 
shaking speed increased, the conversion increased almost linearly. A higher 
conversion was achieved at a higher shaking speed (140 rpm onwards) which 
was required to disperse the enzyme particles in the viscous oil system 
especially as high amount of immobilised enzyme was applied. This indicates 
that in the solvent-free system, agitation allows the immobilised enzyme to 
mix effectively with substrates in the viscous oil system to facilitate the 
transesterification reaction (176). Therefore, the external mass transfer and 
diffusion limitations caused by high enzyme loadings could be overcome by 






























































































Figure 5.2 Contour and response surface plots for octanoic acid conversion over molar ratio and shaking speed where (a) 2-D 
contour, (b) 3-D response plot at enzyme loading of 15.0%, reaction time of 20 h, reaction temperature of 25 ºC. 
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Figure 5.3 Contour and response surface plot for octanoic acid conversion over enzyme loading and shaking speed where (a) 2-D 
contour, (b) 3-D response plot at molar ratio of 3.0:1 (alcohol/oil), reaction time of 20 h, reaction temperature of 25 ºC. 
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5.3.3 Attaining optimum condition and verification 
The maximum point determined according to the second-order regression 
model was outside the studied range, to achieve which a higher shaking speed 
than the studied upper limit should be applied. To evaluate the developed 
model and obtain optimal reaction conditions within the experimental range 
investigated, the optimization function of the Design–Expert software was 
applied. The optimised conditions for the Lipozyme TL IM-catalysed 
transesterification of coconut oil with fusel oil were determined as a 
compromise between economic feasibility and high conversion, and they were 
as follows: 3.25:1 molar ratio of alcohol to coconut oil, enzyme loading of 
16.7% (wt.%) and shaking speed of 160 rpm. Under the optimised reaction 
conditions a conversion of 64.1% was predicted by the developed polynomial 
model. 
To verify the predicted result, experiments were carried out at 25 ºC for 
20 h over 3 different days under the optimised conditions. The conversions 
obtained in 3 days were 60.3%, 58.4% and 67.3% respectively, and all the 
individual values were falling into the 95% prediction intervals of 53.3-74.9%. 
The average conversion of 62.0 ± 4.7% was within 95% confidence intervals 
of 59.4-68.8% and close to the predicted value of 64.1%. The deviation 
between the predicted and actual conversion was -3.2% and thus verifying the 
accuracy and reliability of the RSM polynomial model for the determination 
of the optimum bioprocess conditions. Through the solvent-free 
transesterification under the optimum conditions, about 9.4 mg of ethyl 
octanoate, 14.4 mg of isobutyl octanoate, 0.3 mg of butyl octanoate and 49.2 
mg of (iso)amyl octanoate were produced per gram of coconut oil. In theory, 
about 67% of fatty acids could be converted to the corresponding esters since 
the enzyme applied is sn-1,3 specific lipase. On the other hand, the fusel oil 
used in this study contained a certain amount of water, which could also affect 
the transesterification yield and enzyme activity. Thus, enhancing the 
migration of fatty acids and controlling the water content in the reaction 
system merit further research.  
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5.4 Conclusion 
The Lipozyme TL IM-catalysed transesterification in the solvent-free 
system can effectively convert relatively low-cost natural materials, coconut 
oil and fusel oil, to valuable fatty acid esters. A better understanding of the 
relationship between variables and responses was achieved, and the optimum 
reaction conditions for the synthesis of octanoic acid esters were also 
determined in this study with RSM. Valuable information on the Lipozyme TL 
IM-mediated transesterification of oil was also provided which are useful for 




Chapter 6 Mechanism study on the lipase-catalysed reactions in 
oil system 
6.1 Introduction 
The synthesis of octanoic acid esters by Lipozyme TL IM in a 
solvent-free oil system and the optimization of reaction conditions have been 
discussed in Chapters 4 and 5. The key interest of the study described in this 
chapter was to investigate the mechanism of lipase-catalysed ester synthesis 
reactions, especially transesterification reaction in a solvent-free medium.  
Transesterification reaction catalysed by lipases in a solvent-free system 
is believed to be the major reaction responsible for the synthesis of esters from 
lipids and alcohols. In order to obtain high yields of esters, it is essential to 
understand the catalytic behavior of the lipase and the mechanism of reactions. 
There are two different viewpoints on the mechanism of transesterification 
reported in the literature. The first one is that transesterification is direct 
alcoholysis of triglycerides (one-step reaction). The second one is that 
transesterification is a two-step process consisting of hydrolysis of 
triglycerides and esterification of liberated fatty acids (152).  
Based on these two assumptions, kinetic modeling of the lipase-mediated 
transesterification of vegetable oil with alcohols has been done (152, 191, 192). 
However, experimental data that can convincingly demonstrate whether 
transesterification is one-step or two-step reaction are still rather limited. 
Besides the reaction mechanism, substrate polarity also plays an important 
role in ester synthesis. In a solvent-free system, the lipase activity could be 
adversely affected by polar substrates such as short-chain alcohols and fatty 
acids (162, 173). To determine the optimal reaction conditions and obtain high 
yields of esters, it is critical to understand the mechanism of lipase-catalysed 
reactions and the effects of substrate polarity on lipase activity.  
The objective of this chapter was to investigate the mechanism of 
immobilised lipase-catalysed ester synthesizing reactions in a solvent-free 
system. Coconut oil was applied as the lipid substrate and immobilised lipase 
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Lipozyme TL IM was used as the biocatalyst. The effects of substrate polarity 
on the equilibrium and dynamics of lipase-catalysed reactions were 
investigated through using substrates with different polarities, namely ethanol 
and fusel oil, and exogenous butyric and octanoic acids together with coconut 
oil.  
6.2 Materials and methods 
6.2.1. Materials and reagents 
Materials and reagents used in this part of study refer to Chapter 2 
(section 2.2.1), unless otherwise stated. Reagents used include coconut oil, 
fusel oil and ethanol. Lipozyme TL IM was used as the biocatalyst. n-Hexane 
was of analytical grade. Standards with purity higher than 98% such as ethyl 
octanoate, ethyl nonanoate (internal standard), ethyl butyrate, butyl butyrate, 
isoamyl butyrate, propanol, butanol, isobutyl alcohol, isoamyl alcohol, butyric 
and octanoic acids were provided by Firmenich Asia Pte. Ltd. (Singapore). 
Isobutyl butyrate (>97%), isobutyl octanoate (>99%) and butyl octanoate 
(>99%) were obtained from Tokyo Chemical Industry Co Ltd. (Tokyo, Japan). 
Isoamyl octanoate (>98%) was purchased from Sigma-Aldrich Fine 
Chemicals (St. Louis, MO, USA).  
 
6.2.2. Lipase-catalysed synthetic reactions with ethanol 
The reactions were performed in 50-mL blue-cap glass bottle containing 
10.0 g (15 mmol) of coconut oil, 1.84 g (40 mmol) of ethanol and 1.5 g (15% 
w/w, based on oil weight) of Lipozyme TL IM. Additional 10 mmol of butyric 
and octanoic acids were added into the reaction mixture separately. The 
control tests without added fatty acids were also conducted. All experiments 




6.2.3. Lipase-catalysed synthetic reactions with fusel oil 
The reactions were carried out in 50-mL blue-cap glass bottle containing 
10.0 g (15 mmol) of coconut oil, 3.3 g (corresponding to 35 mmol of alcohols) 
of fusel oil and 1.5 g of Lipozyme TL IM. Additional 10 mmol of butyric and 
octanoic acids were added separately. The control tests without added fatty 
acids were also conducted. All experiments were conducted in triplicate, and 
the responses were the mean values of three determinations. 
 
6.2.4. Sample preparation and analysis 
All reactions were performed in a reciprocating shaking water bath 
(SW22, Julabo Labortechnik GmbH, Seelbach, Germany) with shaking speed 
of 130 rpm at 30 ºC for 24 h. Fifty microlitres of reaction solution were 
collected periodically and centrifuged (Sigma 3-18K centrifuge, 12000¯g, 1 
min) to separate liquid samples from the immobilised enzyme. Twenty five 
microlitres (22 mg) of oil samples obtained were spiked with 100 μL of 
internal standard solution (ethyl nonanoate, 2.10 mg/mL) and diluted to 1.0 
mL with n-hexane for analysis. All samples were analysed by GC-MS/FID 
system. The detailed sample preparation and GC-MS/FID analysis methods 
used were depicted in Chapter 3 (section3.2.3) and Chapter 2 (section 2.2.5) 
respectively. 
 
6.3 Results and discussion 
All reactions were carried out in the coconut oil system without added 
organic solvents or water. The coconut oil contains abundant amounts of 
octanoic acid (about 8%) and medium-chain fatty acids (C10-C14) with lauric 
acid as the major fatty acid (about 47%). No butyric acid was detected in the 




6.3.1 Ester synthesis in coconut oil spiked with ethanol and acids 
Two debatable viewpoints have been raised on the mechanism of 
lipase-catalysed transesterification (191-193). In some literatures, the 
transesterification reaction has been assumed as one-step reaction which is 
direct alcoholysis. Some other researchers believe that the transesterification 
reaction is a two-step reaction consisting of hydrolysis and esterification. 
Although models of immobilised lipase-catalysed transesterification of oil 
have been developed based on these different assumptions (152), the 
experimental evidence to support either model is still lacking.  
In the present work, novel mechanistic evidence is shown in Figure 6.1A. 
In the control test without added fatty acids, the amount of octanoic and 
decanoic acids increased initially, indicating that the triglycerides were firstly 
hydrolysed by the Lipozyme TL IM. After that, the amount of octanoic and 
decanoic acids decreased gradually, suggesting that the released fatty acids 
were esterified with ethanol. Since these two reactions were too fast, only a 
small amount of fatty acids was detected. Thus, the so-called 
transesterification of oil with alcohol would not be one-step reaction (direct 
alcoholysis), but a two-step reaction consisting of hydrolysis and 
esterification.  
Butyric and octanoic acids are two fatty acids with different polarities 
(expressed as log P). The log P value of butyric acid is 0.79 which is much 
smaller than that of octanoic acid which is 3.05. In the solvent-free system, the 
effects of fatty acids with different polarities on the synthesis of esters by 
lipase were observed. In Figure 6.1B, three reaction curves of lipase-catalysed 
synthesis of ethyl esters are presented. These three curves indicate the 
time-course conversion of ethanol in three different tests, one test contained 
added butyric acid, one test contained added octanoic acid, and the control test 

































































































Figure 6.1 Lipozyme TL IM-catalysed synthesis of esters in a solvent-free system of coconut oil and ethanol: A, changes of 
octanoic acid and decanoic acid in control test; B, consumption of ethanol; C, esterification of butyric acid; D, formation of ethyl 
octanoate in the test with added octanoic acid. 
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In this experimental series, the lipase showed varying behavior in these 
three different tests. Within the first 1 h of the reaction, the conversion of 
ethanol in the reaction solution with added fatty acids was lower than that in 
the control. At the beginning of the reaction, high concentrations of added 
fatty acids could be gathering around the vicinity of the enzyme active site and 
then cause inhibition on lipase activity (173, 194). During the first 1 h of the 
reaction, no significant difference in the conversion of ethanol was observed 
when different fatty acids were added. As the reaction time increased from 1 h 
to 10 h, the conversion rate in the test with added butyric acid was 
significantly lower than the other two tests.  
It is plausible that different behavior of the lipase is due to the higher 
polarity of butyric acid in comparison with octanoic acid. The polar substrates 
could destroy the water micro-layer around the enzyme active site which is 
important for keeping the enzyme in active conformation (71). However, the 
inhibitory effect from added butyric acid was relieved as the reaction achieved 
the equilibrium point (after 10 h). At this point, the residual concentration of 
added butyric acid was quite low and the inhibitory effect was minimised 
consequently. That means the inhibition caused by the polar fatty acid could be 
concentration dependent. Therefore, there are studies that used stepwise 
addition method to overcome the inhibitory effect (173). 
Figure 6.1C shows the reaction curve of lipase-catalysed esterification of 
butyric acid with ethanol in the coconut oil solvent-free system. In coconut oil, 
there is no detectable butyric acid, thus the synthesised ethyl butyrate was 
formed through lipase-catalysed esterification reaction of added butyric acid 
and ethanol, but not from coconut oil. This experimental result proved that the 
esterification reaction indeed occurred in the solvent-free oil system. And the 
inhibitory effect from butyric acid was also demonstrated by the lower 
reaction rate in comparison with that of octanoic acid (Figure 6.1D).  
Figure 6.1D shows that amount of ethyl octanoate formed in the coconut 
oil reaction system gradually increased while octanoic acid decreased. More 
than 10 mmol of ethyl octanoate was produced which was higher than the 
amount of added octanoic acid. That was because coconut oil itself contains 
about 8% of octanoic acid esterified with the glycerol backbone. Thus, part of 
the ethyl octanoate was synthesised from octanoic acid in the coconut oil.  
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6.3.2 Ester synthesis in coconut oil spiked with fusel oil and acids 
Fusel alcohols is a by-product of the alcohol distillation industry (146), 
and contain several kinds of short-chain alcohols including ethanol, propanol, 
butanol, isobutyl alcohol and (iso)amyl alcohol (major alcohol). From Figure 
6.2A it can be seen that in the control test with fusel oil, a higher amount of 
free octanoic acid was found compared to the test with ethanol (Figure 6.1A). 
This was because fusel oil contains a certain amount of water which may 
contribute to the hydrolysis of triglycerides. The amount of octanoic acid in 
the reaction mixture increased dramatically initially followed by a small 
decline, indicating esterification. The profile of decanoic acid was not 
presented due to its peak overlapping with others. 
In Figure 6.2B, the conversion of the total alcohols in fusel oil was used 
as the response. One interesting finding is that adding different fatty acids in 
the solvent-free coconut oil system did not bring about significant differences 
in the conversion of alcohols into esters in comparison with the control test. 
Butyric acid did not cause any adverse effects on the lipase-catalysed 
synthesis of esters when fusel oil was used as the alcohol substrate instead of 
ethanol. This indicates that the alcohol substrate essentially determines the 
polarity of the reaction system and further affects the lipase activity. The 
inhibitory effect on lipase activity could be determined by the overall polarity 
of the reaction system including the contribution from the polarities of the 































































































































Figure 6.2 Lipozyme TL IM-catalysed synthesis of esters in a solvent-free system of coconut oil and fusel oil: A, changes of 
octanoic acid in control test; B, consumption of alcohols in fusel oil; C, formation of butyric acid esters; D, formation of ethyl 
octanoate in the test with added octanoic acid.  
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In fusel oil, the major alcohol is (iso)amyl alcohol (log P is 1.29) which is 
less polar and shows higher solubility in oil than other shorter-chain alcohols 
(195). As the major alcohol in fusel oil, (iso)amyl alcohol with higher log P 
value contributed to the decreased polarity of the whole reaction system 
according to the calculation formula reported and minimised the inhibitory 
effect of butyric acid (173). However, according to the results presented in 
Chapter 4, fusel oil added in the reaction system could also cause an adverse 
effect on the synthesis of esters when the molar ratio of alcohols to oil was 
higher than 3.0:1. This indicates that alcohols at higher concentrations also 
tend to inhibit the lipase activity, even though the alcohol has a relatively low 
polarity. It would be of interest to discover more about the role of alcohol 
polarity in the lipase-catalysed synthesis of esters in solvent-free systems. 
Figure 6.2C shows the time-course formation of butyric acid esters and 
the gradual reduction in butyric acid, being similar to the result presented in 
Figure 6.1C. Various esters of butyric acid were generated via the 
esterification catalysed by the lipase. (iso)Amyl butyrate was the most 
abundant butyric acid ester, because (iso)amyl alcohol is the major alcohol in 
fusel alcohols. Added octanoic acid was also esterified as shown in Figure 
6.2D. Several octanoic acid esters including (iso)amyl octanoate, isobutyl 
octanoate, ethyl octanoate and butyl octanoate were detected and the 
time-course formation of these esters are shown in Figure 6.2D.  
6.4 Conclusion 
The assumed transesterification reaction of ester synthesis catalysed by 
immobilised lipase in a solvent-free coconut oil system was a two-step 
reaction consisting of hydrolysis and esterification. These two reactions 
occurred almost simultaneously. This study also demonstrated the roles of 
polarity (log P) of free fatty acid and alcohol substrates in the synthesis of 
esters by lipase. 
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Chapter 7 Lipase-catalysed ester synthesis from coconut cream 
in aqueous system 
7.1 Introduction 
In Chapters 4, 5 and 6, the Lipozyme TL IM-catalysed ester synthesis 
from coconut oil in a solvent-free system and corresponding reaction 
mechanisms were demonstrated. The ester synthesis reactions catalysed by 
lipases are normally performed in an environment with low-water activity, 
since water may promote the reaction equilibrium towards hydrolysis. There 
are studies showing that some lipases are able to catalyse ester synthesis 
reactions in aqueous media (112). The objective of this part of study was to 
investigate the capability of lipase Palatase ® 20,000L (referred to as Palatase, 
from a fungus Rhizomucor miehei) to synthesise esters in aqueous media. 
In previous chapters, the natural lipid material used for ester synthesis 
was coconut oil. Compared to coconut oil, coconut cream is a less processed 
vegetable lipid product. It would be more economically attractive to directly 
convert coconut cream into fatty acid esters without pretreatment and 
pre-extraction of oil. Coconut cream contains about 70% of water which 
favors lipid hydrolysis by lipases, but which also makes it a challenge for 
lipases to conduct biosynthetic reactions that are normally performed in 
low-water activity organic solvents or solvent-free systems (72, 82, 93, 196). 
Nonetheless, some microbial lipases were able to synthesise esters in an 
aqueous medium (116). Furthermore, after enzymatic transformation of 
coconut cream, the end product may be applied directly as a food flavoring 
ingredient to substitute for the more expensive enzyme-treated bovine cream. 
The lipase Palatase is such an enzyme that is able to conduct alcoholysis 
and esterification (depending on the substrate polarity and water activity) in an 
aqueous lipid emulsion system to form fatty acid esters (126, 197). This 
biosynthetic activity of the lipase Palatase allows the production of fatty acid 
esters from coconut cream and alcohols in spite of the high water activity. The 
drawback is that the water in coconut cream favors lipid hydrolysis, resulting 
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in low ester yields. To obtain high amounts of fatty acid esters, the 
biosynthetic activity of the lipase Palatase in an aqueous system needs to be 
improved through optimizing the reaction conditions. 
A robust experimental design is required for the optimization of 
biocatalytical processes since multiple parameters are involved. The 
traditional optimization method (the one-variable-at-a-time approach) requires 
a large number of experiments due to the involvement of multiple factors 
(198). In contrast, the Taguchi design method is a systematic and efficient 
quality control methodology that can rapidly and accurately acquire technical 
information to design the process and achieve highly reliable products and 
processes at low cost. It allows near optimum levels of critical parameters to 
be obtained with only a few well-defined experiments (199). This method 
exploits a special design of orthogonal arrays (OAs) and the signal-to-noise 
ratio (S/N ratio) to obtain the optimal levels of factors studied. Although the 
Taguchi design method is usually applied in the manufacturing industry to 
improve the quality of products and processes (200), the application of this 
methodology in bioprocess optimisation is emerging (199, 201, 202).  
The objectives of this study were to biosynthesise fatty acid esters by the 
lipase Palatase in an aqueous system of coconut cream and fusel oil and to 
optimise this biocatalytical process by exploring the application of the Taguchi 
design method. The focus was on producing the most flavor-active and 
quantitatively important octanoic acid esters (ethyl-, butyl-, isobutyl- and 
(iso)amyl octanoate), as octanoic acid is the main short-chain fatty acid in 
coconut lipid. 
 
7.2 Materials and methods 
7.2.1 Materials and reagents 
Coconut cream (Kara brand, Fairtech Holding Pte. Ltd., Singapore) and 
fusel oil were the reagents applied. Palatase ® 20,000L (Novozymes, 
Bagsværd, Denmark), a sn-1,3-specific lipase (22,500 Lipase Unites/g) 
derived from the fungus Rhizomucor miehei, was applied as the biocatalyst. 
The solvents used including n-hexane and diethyl ether were all of analytical 
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grade. The specific information of used ester standards for quantitative 
analysis is referred to Chapter 2 (section 2.2.1). 
 
7.2.2 Biosynthesis of fatty acid esters 
An appropriate amount of fusel oil (mL) and 8.0 g of coconut cream 
containing 25.1% (w/v) of fat were added in 20-mL capped glass bottles. 
Different amounts of Palatase® 20,000L were subsequently added. The 
reaction was carried out in a reciprocating water bath with a shaking speed of 
130 rpm at varied temperatures according to the experimental design (Table 
7.1).  
 
Table 7.1 Parameters and their levels employed in the Taguchi design for 
optimisation of octanoic acid ester production. 
 
 
7.2.3 Sample preparation and analysis 
The reactions were terminated by adding 1.0 mL of 6 N HCl solution and 
5.0 mL of n-hexane:ethyl ether (1:1, v/v). After thorough mixing, the sample 
was centrifuged (Sigma 3–18K centrifuge, 1,731g, 10 min) to separate 
compound in the organic solvent phase from the residual lipid and water. The 
upper layer of the clear solvent phase sample was collected, after which this 
the sample was extracted twice firstly with 5.0 mL and secondly with 3.0 mL 
of n-hexane:diethyl ether (1:1, v/v). The extracts collected were mixed well for 
subsequent analysis. One hundred microlitres of the solvent extract, 50 μL of 
2.0 mg/mL ethyl nonanoate solution (internal standard) and 850 μL of 
n-hexane were added into a 2.0-mL centrifuge tube, vortexed and stored at 0 
ºC. The heavy compounds with high-boiling points such as tri-, di- and 
monoglycerides were precipitated and the top clear liquid sample was 
Levels 
Parameters 
1 2 3 
A: Temperature (oC) 30 45 60 
B: Fusel oil (%, v/w) 3 9 15 
C: Time (h) 6 15 24 
D: pH  4.2 6.2 8.2 
E: Enzyme amount (g) 0.02 0.14 0.26 
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subjected to GC-MS/FID analysis.  
The GC conditions and settings of parameters refer to Chapter 2 (section 
2.2.5), except that liquid injection of 1.0 μL was performed under splitless 
mode. The compounds were identified through mass spectral analysis and 
quantified based on the FID peak areas. Major esters of octanoic acid were 
quantified by establishing calibration curves through plotting FID peak area 
ratios of ester standards to that of the internal standard (ethyl nonanoate) 
against the concentrations of ester standards.  
 
7.2.4 The Taguchi methodology 
The major contribution of the Taguchi method was to improve 
productivity and reduce costs by minimizing the variations (200). The Taguchi 
method applies three important statistical tools including the OAs, ANOVA 
and the S/N ratio (203). The experiment design was started by selecting a 
proper OA consisting of designed rows and columns. The numbers in each 
row showed the specific levels of certain factors assigned to the corresponding 
columns. To reduce the variation of the mean value obtained, S/N ratio was 
used as a statistical measure of quality characteristics and deviations from the 
desired value (200, 204). The desirable value (the mean) indicates ‘signal’ and 
undesirable value (standard deviation from the mean) is represented by ‘noise’ 
(204). Three different types of S/N ratio are usually applied in the 
optimization process including smaller-the-better, nominal-the-better and 
larger-the-better. Since the objective of this study was to achieve a high yield 
of fatty acid esters with reduced variations, the larger-the-better characteristic 
was applied and the S/N ratio was calculated by Eq. (7.1) (198, 203). ANOVA 
was used to evaluate the effects of the factors studied on the output quality 
characteristics (205). The optimum levels of these studied factors were 
determined based on the statistical analysis results.  
 
2
1 1S/N Ratio (dB) = -10 log (  )
in y
∑                           (7.1) 
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Where yi is the experimental result (the yield of the fatty acid esters) and, 
n is the number of observations for each experiment. 
 
7.2.5 Experimental design 
Five parameters were investigated, including temperature (30–60 ºC), 
reaction time (6–24 h), enzyme amount (0.02–0.26 g in 8.0 g of coconut 
cream), fusel oil concentration (3–9%, v/w) and pH. The five parameters 
represented by the letters from A to E and their corresponding levels are 
shown in Table 7.1. In this study, L27 (313) OA was applied to design the 
experiment and identify the critical parameters that would affect the yield of 
esters. This OA consisted of 27 rows (26 degrees of freedom) and each row 
represented one experiment with 13 columns at three levels. The parameters 
studied and the interactions were assigned to the corresponding columns. 
Design Expert 7.0.0 (State-Ease, USA) was used to analyse the data obtained 
including the regression and graphical analysis. 
 
7.3 Results and discussion 
7.3.1 Experimental results and statistical analysis 
In this study, the fractional factorial design using L27 (313) OA including 
five factors with three levels was employed to obtain a detailed model for the 
optimisation of reaction conditions. Based on the data obtained, statistical 
analysis was conducted using the Design Expert software. The significance 
levels of studied factors were provided by ANOVA and the main effects of 
single factors were also shown in the graphs generated by the software. Table 
7.2 shows the OA and experimental data obtained. The predicted yields of 
octanoic acid esters (namely ethyl-, butyl-, isobutyl-, and (iso)amyl octanoate) 
and the corresponding S/N ratios are also shown in Table 7.2. The relationship 
between actual and predicted S/N ratios is shown in Figure 7.1 which indicates 
that they are well correlated. 
ANOVA is one of the important statistical tools employed in the Taguchi 
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design method to determine which parameter significantly affects the quality 
characteristic. In this study, ANOVA was used to identify those factors 
significantly affecting the yield of octanoic acid esters and the corresponding 
S/N ratio. Table 7.3 shows the ANOVA results for the main effects of the 
studied factors on the biosynthesis of octanoic acid esters.  
 
Table 7.2 Experimental results for the yields of octanoic acid esters and 
corresponding S/N ratios 
 














1 30 3 6 4.2 0.02 7.33 8.42 2.45 
2 30 3 6 4.2 0.14 14.39 14.74 5.24 
3 30 3 6 4.2 0.26 13.49 12.05 4.95 
4 30 9 15 6.2 0.02 14.63 14.12 5.39 
5 30 9 15 6.2 0.14 16.69 16.73 6.97 
6 30 9 15 6.2 0.26 20.87 21.34 11.05 
7 30 15 24 8.2 0.02 16.08 15.50 6.37 
8 30 15 24 8.2 0.14 19.64 19.25 9.60 
9 30 15 24 8.2 0.26 16.95 17.92 7.36 
10 45 3 15 8.2 0.02 8.66 8.08 3.26 
11 45 3 15 8.2 0.14 9.85 9.46 3.17 
12 45 3 15 8.2 0.26 13.70 14.67 4.85 
13 45 9 24 4.2 0.02 12.75 13.84 4.99 
14 45 9 24 4.2 0.14 19.07 19.42 9.11 
15 45 9 24 4.2 0.26 23.74 22.30 15.41 
16 45 15 6 6.2 0.02 6.98 6.47 2.36 
17 45 15 6 6.2 0.14 9.10 9.14 3.28 
18 45 15 6 6.2 0.26 8.52 8.99 2.76 
19 60 3 24 6.2 0.02 3.72 3.21 1.54 
20 60 3 24 6.2 0.14 13.59 13.63 4.92 
21 60 3 24 6.2 0.26 15.55 16.02 6.00 
22 60 9 6 8.2 0.02 -8.85 -9.43 0.38 
23 60 9 6 8.2 0.14 1.55 1.16 1.69 
24 60 9 6 8.2 0.26 3.16 4.13 1.44 
25 60 15 15 4.2 0.02 -2.90 -1.81 0.73 
26 60 15 15 4.2 0.14 1.65 2.00 1.21 
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Figure 7.1 Relationships between predicted and actual S/N ratios. 
 
The model established for optimizing ester biosynthesis conditions was 
statistically significant, which is indicated by a p-value of 0.007 (< 0.05). 
Since p-value (< 0.05) indicates that the factors studied were significant, 
namely factors A (temperature), C (time), E (enzyme amount) were 
statistically significant. The significance rank of factors was A > C > E > D > 
B, based on the variance between the highest mean value and the lowest mean 
value at different levels of each factor. In the ranges studied, the mutual effects 
of these factors were not significant for the studied response (S/N ratio), 
indicating that these factors were independent of each other. The R-squared 
value of the model was 0.989 and the adjusted R-squared value was 0.931. 







Table 7.3 Analysis of variance for the yield of octanoic acid esters 
 
Source Sum of Squares Df a Mean Square F Value P-value Prob > F b 
Model 1469.52 22 66.80 16.88 0.007 
A 625.02 2 312.51 78.97 0.001 
B 19.21 2 9.61 2.43 0.204 
C 407.33 2 203.66 51.46 0.001 
D 47.87 2 23.94 6.05 0.062 
E 267.43 2 133.71 33.79 0.003 
AE 56.73 4 14.18 3.58 0.122 
BE 17.91 4 4.48 1.13 0.454 
CE 28.01 4 7.00 1.77 0.297 
Residual 15.83 4 3.96   
Cor Total c 1485.35 26    
a Degree of freedom. 
b Confidence level of 95%, α = 0.05. 
c Totals of all information corrected for the mean. 
 
7.3.2 Effects of parameters on biosynthesis of esters 
The effects of studied parameters on the biosynthetic activity of the lipase 
Palatase were also investigated. The effects of investigated parameters on the 
biosynthesis of octanoic acid esters were clearly shown in the graphs below. 
To find the optimum reaction conditions, two responses were observed, 
including S/N ratio and yield.  
Temperature is one of the key factors that affect enzymatic reactions. 
Within a certain range, a rise in temperature is known to increase reaction 
rates; however, once the temperature exceeds the optimal level, the enzyme 
may be deactivated and reaction rates decrease. Figure 7.2(a) and (b) show the 
effect of temperature on the biosynthesis of octanoic acid esters. The trend of 
the effect of temperature on the S/N ratio (Figure 7.2(a)) is similar to that of 
the yield of octanoic acid esters (Figure 7.2(b)). The biosynthetic activity of 
the lipase Palatase decreased gradually as the temperature was increased from 
30 to 60 ºC. This could be because higher temperatures caused adverse effects 
on the enzyme activity through changing the enzyme conformation. One study 
that applied 40 ºC as the catalysis temperature for Palatase in a solvent-free 
system under high operation pressure (206). The different observations in that 
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study may be due to these different reaction systems and conditions. In the 
present aqueous system, the Palatase may be more sensitive to temperature 
higher than 30 ºC. Thus, 30 ºC was selected as the optimum reaction 


























































































Figure 7.2 Effects of temperature, fusel oil concentration (% v/w) and time on 
the lipase Palatase-catalysed biosynthesis of octanoic acid esters in coconut 
cream supplemented with fusel oil. Temperature: (a) S/N ratio, (b) yield; Fusel 
oil concentration: (c) S/N ratio, (b) yield; Time: (e) S/N ratio, (f) yield. 
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In addition to temperature, alcohol concentration is also an important 
parameter that is involved in the biocatalytical process catalysed by lipase. 
High initial alcohol concentrations can shift the reaction direction from 
hydrolysis to ester biosynthesis. However, the alcohols at high concentrations 
can also exert denaturing effects on the lipase. Figure 7.2(c) and (d) show the 
effects of fusel oil concentration on the formation of octanoic acid esters. The 
reaction was carried out in a biphasic medium which contained coconut cream 
(a lipid emulsion in water) and fusel oil. The short-chain alcohols in fusel oil 
with different polarities, including ethanol, propanol, butanol, isobutyl alcohol 
and (iso)amyl alcohol, could influence the distribution of water between the 
lipase and lipid substrate. (iso)Amyl alcohol, the major alcohol in fusel oil, is 
more hydrophobic than other short-chain alcohols, which may easily 
accumulate at the lipid-water interface and be favourably utilised by the lipase 
to form esters (126). Figure 7.2(c) and (d) show that the yield of octanoic acid 
esters was highest at 9% (v/w) of fusel oil. As the fusel oil concentration was 
higher than 9% (v/w), the S/N ratio and yield were both decreased, even 
though it was not statistically significant. The inhibitory effect of alcohol on 
the lipase Palatase was also reported in a previous study (126). Although 
similar S/N ratios were achieved at 3% (v/w) and 9% (v/w) fusel oil, 9% (v/w) 
was deemed as the optimum level since it produced a higher yield of octanoic 
acid esters. 
The determination of equilibrium time for the enzyme-catalysed reactions 
is essential to ensure the biosynthesis efficiency. The effect of reaction time on 
the yield of octanoic acid esters and S/N ratio is shown in Figure 7.2(e) and (f). 
Similar trends were observed for both the yield and S/N ratio. The formation 
of esters increased gradually as the reaction time was increased from 6 to 15 h. 
After that, a sharp increment of ester production was observed as the reaction 
time was further increased to 24 h. This result indicates that ester biosynthesis 
catalysed by Palatase may require a longer time to achieve equilibrium. When 
the reaction time was short, hydrolysis may dominate the reaction in which 
free fatty acids were released. On increasing the reaction time, the released 
hydrophobic octanoic acid and the alcohol substrates that gathered at the 
water-lipid interface might have been directly esterified by the lipase in spite 
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of the presence of water (112, 126). To specify the actual equilibrium time, a 






























































Figure 7.3 Effects of pH and enzyme amount on the lipase Palatase-catalysed 
biosynthesis of octanoic acid esters in coconut cream supplemented with fusel 
oil. pH: (a) S/N ratio, (b) yield; Enzyme amount: (c) S/N ratio, (d) yield. 
 
The pH of a reaction medium is another important factor that affects the 
structure and activity of enzymes. It is critical to determine the optimal pH 
level for the lipase to synthesise esters. The working range of pH for Palatase 
was reported as 5.0–9.5 (209). To study the effect of medium pH on the 
biosynthetic activity of Palatase, three different pH levels were investigated 
including pH 4.2, 6.2 (unadjusted pH of coconut cream) and 8.2. Figure 7.3(a) 
and (b) show the effect of pH of reaction medium on the biosynthetic activity 
of lipase. Figure 7.3(a) shows that the optimum pH that gave the highest S/N 
ratio is 6.2. However, in Figure 7.3(b) no significant difference in the yield of 
esters was found between these three studied pH levels which is similar to the 
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pH range of 5.2–8.5 reported elsewhere (126). Thus, to simplify the coconut 
cream pretreatment process, an unadjusted pH level of 6.2 was selected as the 
optimum pH level even though it is slightly below the actual optimum pH 
level (6.5–7.5) for Palatase (197, 208). 
With sufficient substrates, enzyme amount may affect enzymatic reaction 
rates and the yields. For industrial applications, it is important to obtain the 
highest yield of esters with the lowest amount of enzyme; thus, the optimum 
enzyme concentration used needs to be determined. Figure 7.3(c) and (d) show 
the effect of enzyme amount on the formation of octanoic acid esters. The 
yield of octanoic acid esters and S/N ratio increased gradually upon increasing 
the enzyme amount. The highest ester yield was achieved with 0.26 g (about 
3% w/w based on the weight of coconut cream) of enzyme. As more enzymes 
was applied, more active sites of the enzyme were available for the formation 
of the substrate-enzyme complex, leading to high yields of final products 
(210). Since 0.26 g of enzyme gave the highest yield of octanoic acid esters, it 
was selected as the optimal enzyme amount added in the reaction mixture that 
contained 8.0 g of coconut cream. A relatively higher amount of Palatase was 
applied in this study than the amount reported for hydrolysis purposes (209). 
That may be because the inhibitory effects caused by the alcohols on lipase 
activity could lead to the requirement of more enzymes to complete the 
biosynthetic reactions. 
 
7.3.3 Confirmation experiment 
On studying the effects of the different parameters on the yield of 
octanoic acid esters, the optimal combination was determined as A1B2C3D2E3 
(refer to Table 7.1 for coding). Therefore, the optimised reaction conditions 
were 30 ºC for reaction temperature, 9% (v/w) of fusel oil, 24 h of reaction 
time, pH 6.2 and 0.26 g of enzyme preparation. Under these optimal 
conditions, the yield of octanoic acid esters and S/N ratio were predicted to be 
14.59 mg/g and 25.20 dB, respectively. The experimental values of yield and 
S/N ratio were 14.25 mg/g and 23.07 dB, respectively, and so were in good 
agreement with the predicted values (Table 7.2). It can also be seen that the 
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yield of octanoic acid esters for the optimal reaction factor levels is higher 
than the yield data shown in Table 7.2, except for run no.15 (15.41 mg/g, 
23.74 dB). For instance, the increase in the yield from run no.22 (0.38 mg/g) 
to the optimal actual data (14.25 mg/g) was 13.87 mg/g and the yield of 
octanoic acid esters increased by about 36.5 times. In addition, under the 
optimal conditions, about 73.8% of octanoic acid in coconut cream was 
transformed into octanoic acid esters. The yield of esters was effectively 
improved by optimizing the process factors in the lipase-mediated ester 
biosynthetic reactions through using the Taguchi design method. It is worth 
noting that the optimal reaction temperature was at the lowest level examined 
in this study, indicating that the yield of targeted octanoic acid esters might be 
further increased through further optimization. 
 
7.4 Conclusion 
This study investigated the biosynthesis of flavor-active esters for the 
first time in an aqueous system of coconut cream and fusel oil by lipase 
Palatase through exploring the application of OA. The optimization of this 
biocatalytic process to maximise production of octanoic acid esters from 
coconut cream and fusel oil was successfully performed using the Taguchi 
robust design method. The yield of octanoic acid esters was improved through 
the optimization of key process factors. Temperature was the most significant 
factor affecting the biosynthesis of octanoic acid esters, followed by reaction 
time, enzyme amount, pH and alcohol concentration. Under the optimised 
conditions, a yield of 14.25 mg/g and an S/N ratio of 23.07 dB were obtained 
which agreed well with the predicted values. This study demonstrated a novel 
application of lipase in an aqueous system to convert the low-cost natural 
materials, coconut cream and fusel oil, to value-added aroma-active chemicals. 
Furthermore, this study also suggests that the Taguchi design method is 
effective in improving the output responses for biological processes. 
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Chapter 8 Mechanism study on the lipase-catalysed reactions in 
aqueous system 
8.1 Introduction 
In Chapter 7, the Palatase ® 20,000L was examined for the synthesis of 
esters in aqueous media containing coconut cream and fusel oil. The reaction 
conditions were optimised using Taguchi method. To gain a better 
understanding of the mechanism of lipase-mediated ester synthesis in aqueous 
media, the effects of substrate and medium hydrophobicity on the lipase 
catalytic behavior were investigated and demonstrated in this chapter.  
The lipase-catalysed synthesis of aroma-active esters is mostly performed 
in non-aqueous media (86, 211-213). The catalytic behavior of lipases in 
non-aqueous media can be significantly affected by the hydrophobicity of 
substrates and reaction media. For instance, the log P value of an organic 
solvent used should be higher than 3.5 to maintain a high yield of esters by 
protecting the lipase from inhibition by polar substrates (211). Water is another 
key factor that affects the lipase activity during ester synthesis in non-aqueous 
media. Although a certain level of water is critical to the lipase activity, an 
optimum amount of water needs to be maintained to achieve desirable reaction 
equilibrium with high yields of esters (214-216). In contrast to non-aqueous 
media, aqueous media contain a greater quantity of water and in which only 
few lipases can catalyse ester synthetic reactions (111, 112).  
In the food industry, lipases have the potential to be applied for the in situ 
generation of flavor compounds in aqueous food matrices such as cheese and 
cream (68, 116, 197, 217). Besides optimization of reaction parameters, it 
would be of interest to understand the catalytic behavior of more lipases in an 
aqueous environment with respect to substrate hydrophobicity. 
The catalytic behavior of lipases in aqueous media has gained little 
research attention. In aqueous media, the esters can be synthesised by lipases 
via direct esterification of free fatty acids (added or liberated from 
triglycerides) and alcoholysis of triglycerides (112). Water as an inhibitor of 
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lipase-catalysed synthetic reactions can shift the reaction direction from ester 
synthesis to hydrolysis, resulting in low yields of esters. However, alcohols 
could also inhibit the hydrolytic reaction, because it can reduce the stability of 
the acyl-enzyme-water intermediate (113), affect the distribution of water 
between enzyme and reaction medium, and change hydrophobicity of the 
reaction system (111).  
The objective of this part of study was to investigate the mechanism of 
the lipase Palatase catalysed synthesis of esters in coconut cream 
supplemented with different alcohols and fatty acids. The reactions catalysed 
by Palatase in an aqueous buffer were also studied to gain a better 
understanding of the catalytic behavior of this lipase.  
 
8.2 Materials and Methods 
8.2.1 Materials and reagents 
Information of the materials and reagents used in this part of study refer 
to Chapter 7 (Section 7.2), unless otherwise specified. Coconut cream was 
used as the lipid source for the synthesis of esters. Fusel oil and ethanol were 
two alcohol substrates used. The composition of major alcohols in fusel oil 
was as follows (mg/mL): ethanol was 53.7, propanol was 7.4, isobutyl alcohol 
was 119.7, butanol was 4.7, (iso) amyl alcohol was 515.3. The lipase Palatase 
® 20 000L was used as the biocatalyst. The solvents used including n-hexane 
and diethyl ether were of HPLC grade and analytical grade, respectively. Pure 
compounds used in this study include propanol, butanol, isobutyl alcohol, 
isoamyl alcohol, ethyl nonanoate (internal standard), ethyl butyrate, butyl 
butyrate, isoamyl butyrate, ethyl octanoate, butyric and octanoic acids, 
isoamyl octanoate, isobutyl butyrate, isobutyl octanoate and butyl octanoate 
(detailed information is referred to Chapter 6, section 6.2.1). Monosodium 
phosphate monohydrate and disodium phosphate heptahydrate used for 
phosphate buffer preparation were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Anhydrous sodium sulphate was supplied by Schedelco (Bayan 
Baru, Penang, Malaysia). 
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8.2.2 Synthesis of esters in coconut cream with ethanol 
The reactions catalysed by lipase Palatase were incubated at 40 ºC in a 
water bath with a shaking speed of 130 rpm. The reagents including 40 g of 
coconut cream and 1.82 g (40 mmol) of ethanol were added into 100-mL 
blue-cap bottles together with 1.0 mL of lipase Palatase. Ten mmol each of 
butyric acid and octanoic acid were spiked into the reaction mixture, 
respectively, to investigate the effect of fatty acid substrate hydrophobicity on 
ester synthesis by the lipase. The control tests without additional free fatty 
acids or lipase were also conducted under the same conditions. The total 
sample weight was fixed at 50 g (excluding the weight of enzyme) by adding 
deionised water. 
 
8.2.3 Synthesis of esters in coconut cream with fusel oil 
Coconut cream (40 g), fusel oil (3.3 g, i.e. 4.0 mL) and the lipase Palatase 
(1.0 mL) were added into 100-mL blue-cap bottles. Ten mmol each of butyric 
acid and octanoic acid were added into the reaction mixture, respectively. 
Control tests without free fatty acids or lipase were also conducted under the 
same conditions. The experiments were performed under the same conditions 
as described above in section 8.2.2. 
 
8.2.4. Synthesis of esters in buffer system 
The study was carried out to investigate the catalytic behavior of the 
lipase Palatase in a buffer system. The reactions were performed by lipase 
Palatase in sodium phosphate buffer (80 mM, pH 7.0). Ten mmol each of 
butyric acid and octanoic acid were added in the buffer system, respectively, 
together with 40 mmol ethanol (1.82 g) and Palatase (1.0 mL). The 
experiments were conducted under the same conditions as described above in 
section 8.2.2.  
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8.2.5 Sample preparation and analysis 
During reactions, 1.0 mL (about 1 g) of sample was collected at different 
reaction times. The sample was added into a 2.0-mL centrifuge tube. Volatile 
compounds were extracted by n-hexane and diethyl ether (1:1, v/v) three times 
with a solvent volume of 0.5 mL, 0.5 mL and 0.3 mL, respectively. After each 
extraction, the mixture was centrifuged at 10 000 g for 3 min (Sigma 3–18K 
centrifuge). Then the organic solvent phase was collected for analysis.  
Since the peak area ratio of analytes and internal standard was used to 
establish the calibration curve, the amount of internal standard added into 
samples and standard solutions was kept the same to avoid bias. To prevent the 
loss of internal standard during solvent-extraction process, the internal 
standard was added after solvent extraction. The recovery rates for the 
compounds were also determined as follows: octanoic acid was 82%, octanoic 
acid esters were 86% in average, butyric acid was 64%, ethyl butyrate was 
70%, and other butyric acid esters were 84% in average. Data presented in this 
study were original tested values, and the actual amount of compounds can be 
estimated through being divided by recoveries. 
One hundred microliters of the extracted sample was added into a 2.0-mL 
centrifuge tube containing 50 μL of internal standard (ethyl nonanoate) 
n-hexane solution (2.0 mg/mL) and 850 μL of n-hexane. A proper amount of 
sodium sulphate was added into the sample to remove water. The sample was 
then stored at 0 ºC overnight to precipitate the heavy compounds with 
high-boiling points. After centrifugation, the organic solvent phase was 
analysed by GC-MS/FID. The GC conditions and settings of parameters refer 
to Chapter 2 (section 2.2.5), except liquid injection of 1.0 μL was performed. 
The split ratio was 20:1. The compounds were identified through mass spectral 
analysis and quantified based on the FID peak areas through constructing 
standard calibration curves.  
8.3 Results and discussion 
In aqueous media, every substrate could affect the enzyme activity by 
affecting the distribution of water between the enzyme and the reaction 
medium (115, 194). Different lipases show different catalytic behaviors during 
 103
ester synthesis in aqueous media. Lecointe et al. reported that lipases from 
Candida deformans, Mucor miehei and Rhizopus delemar were able to 
catalyse a net ester synthesis mainly through esterification, and only the lipase 
from Candida parapsilosis catalysed alcoholysis in aqueous media (112).  
Some researchers believed that alcoholysis in an aqueous system was 
possibly a two-step reaction consisting of hydrolysis of triglycerides and 
esterification of liberated free fatty acids (112, 114). However, limited data are 
available on the effects of substrate hydrophobicity on the catalytic 
mechanism of lipases in aqueous media. Thus, this work attempted to 
elucidate the mechanism of lipase-catalysed synthesis of esters in aqueous 
systems containing different alcohols and free fatty acids using lipase Palatase 
as an example. Only trace amounts of esters were formed in the controls 
without lipase. 
 
8.3.1 Ester synthesis in coconut cream spiked with ethanol 
Figure 8.1 shows the kinetic changes of esters and free fatty acids 
(expressed in mol) in coconut cream. From Figure 8.1(a) it can be seen that 
ethyl butyrate was synthesised by the lipase, and its formation corresponded 
well with the consumption of butyric acid. About 2.7 mmol of butyric acid 
was utilised; however, only 1.2 mmol of ethyl butyrate was detected, which 
could be partially due to sample loss during extraction (recovery was 70%). 
The conversion of butyric acid to ethyl butyrate was very low at less than 30% 
























































Figure 8.1 Lipase Palatase-catalysed reaction in coconut cream containing 
ethanol and different fatty acids: (a) esterification of added butyric acid; (b) 
synthesis of ethyl octanoate from added octanoic acid; (c) control test without 
added fatty acids. 
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A previous study has demonstrated that ethyl butyrate can be synthesised 
in a cheese-based medium spiked with ethanol and in a buffer medium 
containing tributyrin and ethanol by the same lipase Palatase, which was 
believed to be through transesterification (197). In this current study, the ethyl 
butyrate formed was deemed to be from esterification catalysed by lipase, not 
alcoholysis, since butyric acid was not part of the coconut cream fatty acid 
composition. This result indicates that the lipase Palatase is indeed able to 
catalyse esterification in an aqueous system, which is consistent with that 
reported elsewhere (112, 126, 218). Although the yield of ethyl butyrate was 
low, from reaction curve it can be seen that no reduction of ethyl butyrate was 
observed, which indicate that esterification reaction rate was higher than 
hydrolysis reaction rate regarding to ethyl butyrate.   
Figure 8.1(b) shows the kinetic reaction curves of the synthesis of ethyl 
octanoate and the utilization of octanoic acid. The amount of free octanoic 
acid decreased sharply during 0-30 min of the reaction, which suggests that 
esterification was dominant initially. After that, octanoic acid increased 
gradually, attributed to the hydrolysis of triglycerides. Since coconut cream 
contains about 1.3% octanoic acid in the triglyceride form, ethyl octanoate 
was likely formed from both alcoholysis and esterification, which could occur 
concurrently. From Figure 8.1(a) and 8.1(b) it can be seen that the initial 
consumption rate of octanoic acid was higher than that of butyric acid. More 
octanoic acid (about 40%, based on 10 mmol of octanoic acid) was consumed 
compared to <30% of butyric acid. That may be because octanoic acid (log P 
= 3.05) has higher hydrophobicity relative to butyric acid (log P = 0.79) and 
could easily get access to the active site of the lipase to form the 
enzyme-substrate complex (126).  
Hydrophilic substrates with low hydrophobicity are harmful to the lipase 
activity, especially short-chain fatty acids and alcohols (71, 173). In the 
control test without spiked free fatty acids (Figure 8.1(c)), octanoic acid and 
ethyl octanoate were produced at similar reaction rates, but hydrolysis seemed 
to be the dominant reaction, since more octanoic acid was formed than ethyl 
octanoate. A similar observation was reported on the synthesis of ethyl 
butyrate from tributyrin and ethanol in buffer catalysed by the same lipase 
Palatase (197). They found that the hydrolytic rate was much higher than the 
 106
synthetic rate of ethyl butyrate (alcoholysis). Some researchers even suggested 
that the esters were synthesised via esterification of free fatty acids initially 
added into the aqueous medium and/or free fatty acids released by hydrolysis 
of triglycerides catalysed by the lipase from the same microorganism 
(Rhizomucor miehei) (112). However, in the present study, there was no 
pattern of fatty acid release and then re-utilization in concurrence with ester 
production, likely due to fast lipid hydrolysis and fatty acid release masking 
consumption of fatty acids for ester formation. 
Results described in Chapter 6 showed that substrate hydrophobicity 
could affect the lipase activity during the synthesis of flavor esters in 
non-aqueous media with low-water activity. In the present study, the lipase 
Palatase did not show significant differences in the catalytic ability of 
synthesizing C10 and C12 fatty acid esters (data not shown) when different 
fatty acids (C4 and C8 acids) were added, although the yield of butyric acid 
ester was lower than that of octanoic acid ester. The fact that butyric acid did 
not exert inhibitory effects on the ability of the lipase to synthesise other fatty 
acid esters may be due to the high polarity (low hydrophobicity) of the 
reaction system.  
 
8.3.2 Ester synthesis in coconut cream spiked with fusel oil  
In the coconut cream, the lipase was likely to adsorb onto the 
hydrophobic surface formed by fat and further exposed the active centre to the 
substrates to catalyse reactions (47, 219). The less hydrophilic alcohol 
substrate with a higher log P value usually accumulates around the 
hydrophobic surface formed in the medium because it is more hydrophobic 
and tends to be excluded by water. Alcohols with higher hydrophobicity such 
as 2-phenylethyl alcohol (log P = 1.36) and isoamyl alcohol (log P = 1.29) 
have been applied for the synthesis of octanoic acid esters in aqueous media 
(126, 218). Compared to ethanol (log P = -0.235), fusel oil is more 
hydrophobic (with higher log P values), because besides a small amount of 
ethanol, fusel oil contains other less hydrophilic alcohols such as propanol, 
butanol, isobutanol, and isoamyl alcohol (a mixture of iso- and active amyl 
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alcohols) with isoamyl alcohol as the major alcohol (log P = 1.29).  
When fusel oil was added into coconut cream, various esters of fatty 
acids were synthesised. The total amount (expressed in mol) of these esters of 
the same fatty acids was used as the response. Figure 8.2(a) shows the 
time-course formation of butyric acid esters and consumption of added butyric 
acid. Butyric acid esters gradually increased as butyric acid decreased, 
indicating esterification, given that butyric acid was not the constituent of 
coconut lipid. About 55% of butyric acid was consumed (5.5 mmol of 10 
mmol). Only 2.4 mmol of butyric acid esters were detected. This may have 
resulted from two causes: one is that part of butyric acid could be converted 
into glycerol esters through acidolysis; another one is sample loss during 
extraction of butyric acid esters. This requires a further study to verify. It must 
be stressed that the focus of the study was on the mechanism of ester synthesis 
mediated by lipase in aqueous medium and thus, the observation of butyric 
acid ester formation in correspondence with butyric acid utilization offered 
new insight into lipase-catalysed esterification in aqueous systems. 
The synthesis of octanoic acid esters was demonstrated in Figure 8.2(b). 
About 70% of free octanoic acid was transformed into esters of various 
alcohols, which was higher than the conversion of 39% when ethanol was 
used as the alcohol substrate. This could be explained by the different 
thermodynamic properties of ethanol and fusel oil (113). Ethanol with a 
negative log P is more soluble in water than fusel oil with log P greater than 1, 
thus the solvation of ethanol could lower its reactivity and drive the reaction 
equilibrium towards hydrolysis. In addition, ethanol is more hydrophilic and 
polar as compared with fusel oil, and it tends to be distributed in the water 
phase. This result demonstrated that the hydrophobicity of alcohol substrates 
plays an important role in the synthesis of esters by lipase.  
Figure 8.2(c) illustrates the formation of octanoic acid esters and octanoic 
acid when no octanoic acid was added (control). The initial reaction rates of 
hydrolysis and synthesis were almost the same; however, after 20 min, the 
synthetic reaction became dominant, since much higher amounts of esters 
were formed than octanoic acid released. This result was different from Figure 
8.1(c), in which the hydrolytic rate was slightly higher than that of the 
synthetic reaction when ethanol was the alcohol substrate. Figure 8.1(c) 
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indicates that fusel oil has a stronger inhibitory effect on the hydrolytic 
reaction than ethanol but this could also be due to the very faster rate of 
esterification being dominant over hydrolysis. There was no pattern of fatty 
acid liberation and then re-utilization in correspondence with ester formation, 
which could be ascribed to rapid hydrolysis of triglycerides and fatty acid 





























































Figure 8.2 Lipase Palatase-catalysed reactions in coconut cream containing 
fusel alcohols and different fatty acids: (a) synthesis of butyric acid esters; (b) 
synthesis of octanoic acid esters from added octanoic acid; (c) control test 
without added fatty acids. 
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8.3.3 Esterification catalysed by lipase in buffer system 
Although coconut cream contains a high amount of water, it also contains 
a certain amount of fat which makes it not an entirely aqueous medium. The 
objective of this part of the study was to investigate the ability of lipase 
Palatase to synthesise esters in a totally aqueous buffer system to gain a better 
understanding of the catalytic behavior of this lipase.  
Figure 8.3(a) shows the esterification of butyric acid with ethanol in the 
aqueous buffer system. The amount of butyric acid did not drop significantly, 
and about 0.6 mmol of butyric acid was converted into ethyl butyrate. 
However, only 0.3 mmol of ethyl butyrate was obtained, and this may be 
because of sample loss during extraction. This was in contrast to the result 
obtained by Liu et al. (2003); they found that in a buffer system, ethyl butyrate 
could be synthesised by the same lipase Palatase through alcoholysis of 
tributyrin but not esterification. The different observations may be because of 
the different amounts of the lipase and reactants used.  
In the coconut cream containing ethanol, more butyic acid (2.7 mmol) 
was consumed than that in the buffer system (0.6 mmol), indicating that 
coconut cream was a more favorable environment than the buffer. This may be 
because the fat content in the coconut cream contributed to the hydrophobicity 
of the whole reaction system by creating a microaqueous milieu, which 




























































Figure 8.3 Lipase Palatase-catalysed esterification reactions in phosphate 
buffer: (a) esterification of butyric acid with ethanol; (b) esterification of 
octanoic acid with ethanol. 
 
The result shown in Figure 8.3(b) also provides useful evidence that the 
hydrophobicity of fatty acids plays an important role in the synthetic activity 
of lipase. Higher conversion of octanoic acid was achieved (44%) than that of 
butyric acid (5%). Octanoic acid with a higher log P value (3.05) is more 
hydrophobic than butyric acid (log P = 0.79). Butyric acid tended to distribute 
more in the water phase, while octanoic acid could preferentially accumulate 
at the interface of fat-water-lipase, which makes it easier for the octanoic acid 
to get access to the enzyme active site for the reaction (126, 220, 221). Ethyl 
octanoate was gradually synthesised along with the consumption of octanoic 
acid. A slightly higher conversion of octanoic acid (44% of 10 mmol) was 
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observed in the buffer system than that in the coconut cream system (39% of 
10 mmol). That may be because, in coconut cream, part of ethanol was also 
used for the synthesis of other fatty acid esters other than ethyl octanoate alone. 
Similarly, Tan et al. (2011) successfully synthesised 2-phenyethyl ocatnoate 
and Liu et al. (2013) reported the synthesis of isoamyl octanoate in a buffer 
system through both esterification and alcoholysis catalysed by the same 
lipase Palatase.  
8.4 Conclusion  
The mechanism of lipase Palatase-mediated synthesis of flavor esters in 
aqueous media was investigated by using alcohols and fatty acids with 
different hydrophobicity. Ethanol and fusel oil showed distinct effects on the 
catalytic behavior of lipase Palatase and different conversions of fatty acids 
(C4 and C8 acids) were obtained due to the varied log P values. The 
hydrophobicity of every substrate could significantly change lipase catalytic 
behavior. In addition, the reaction medium may affect the enzyme catalytic 
behavior. These findings indicate that esterification was the key reaction for 
ester synthesis by lipase in aqueous milieu and strongly affected by substrate 
hydrophobicity.  
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Chapter 9  Synthesis of flavor esters via synchronous 
fermentation and biocatalysis 
9.1 Introduction 
Ester synthesis by lipases in solvent-free, aqueous and buffer systems has 
been discussed in previous chapters. Exogenous alcohols were used as the 
alcohol substrate. This part of study explored the possibility and potential of 
coupling in situ production of alcohol via alcoholic fermentation by yeast 
Saccharomyces cerevisiae with lipase Palatase-catalysed biocatalysis for the 
synthesis of flavor esters in coconut cream. 
It is well known that fermentation is another popular biotechnology that 
has been widely used for the generation of food flavors (14, 126, 222) such as 
flavor esters (222-224). However, the esters generated during fermentation are 
usually in small quantities and are generally insufficient for 
commercialization.  
Lipase-catalysed biocatalysis is a more effective method for ester 
synthesis than fermentation because of the high specificity and selectivity of 
lipases. This method could also allow the in situ generation of flavor esters in 
food matrices and requires the exogenous alcohols as one of the substrates. 
The most common alcohol utilised for flavor synthesis by lipases is ethanol. 
However, ethanol is considered to be Haram (not Halal) where alcoholic 
beverages of any type are prohibited for Muslims (225). The use of ethanol as 
a substrate, intermediary compound, or precipitating agent may be permitted 
as long as the remaining level of ethanol in the final product is at the minimal 
level that is technologically achievable (226). To avoid direct handling of 
alcohols and ensure compliance with the Halal rules, it will be of value to 
generate alcohols in-situ as substrates for ester biosynthesis in food matrices.  
The in situ generation of ethanol as an alcohol substrate can be performed 
by various microorganisms. Saccharomyces cerevisiae is by far the best 
microbe that has been intensively studied and can accumulate high 
concentrations of ethanol of up to 18%, and has a relatively high tolerance 
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level to a wide spectrum of inhibitors (227). Some fermentation processes that 
utilise S. cerevisiae are wine-making, brewing and baking (228).  
It would be attractive to explore the potential of coupling yeast alcoholic 
fermentation and lipase-catalysed biocatalysis for ethyl ester synthesis. 
Coconut cream was selected as the medium since it is low-cost and contains 
an abundant amount of octanoic acid and medium-chain fatty acids. Coconut 
cream has been proved to be a suitable medium for yeast growth (127, 128). 
Palatase originated from a fungus Rhizomucor miehei was used as the catalyst 
because of its capability to catalyse ester synthesis in an aqueous environment 
(197, 218). Since coconut cream contains about 70% of water, the reactions 
involved in this fermentation medium may include hydrolysis of triglycerides, 
esterification of liberated free fatty acids with ethanol, and alcoholysis of 
triglycerides.  
The objective of this study was to synthesise esters in coconut cream 
through coupling alcoholic fermentation and biocatalysis, and to investigate 
the effect of addition of Palatase on the formation of flavor esters during 
alcoholic fermentation with S. cerevisiae in coconut cream.  
 
9.2 Materials and methods 
9.2.1 Materials and reagents 
Coconut cream supplemented with fine grain white sugar (Sugar Industry 
of Singapore Ltd., Singapore) was used as the fermentation medium. S. 
cerevisiae EC1118 (Lallemand Inc., Ontario, Canada) was used to carry out 
alcoholic fermentation in coconut cream. The pure culture of S. cerevisiae was 
prepared in sterilised nutrient broth (pH 5.0) which consisted of 0.25% 
BactoTM yeast extract (BD, Franklin Lakes, NJ, US), 0.25% malt extract 
(Oxoid, Basingstoke, UK), 0.25% peptone (Oxoid) and 2.0% glucose 
(Glucolin®, Glaxo Wellcome Celon Limited, Maratuwa, Sri Lanka). Potato 
dextrose agar (Oxoid) was used for yeast enumeration and purity check.  
Palatase 20,000L with sn-1,3 specificity, a fungal lipase produced from 
Rhizomucor miehei, was used to perform ester synthesis reaction in fermented 
coconut cream medium. Palatase (liquid form, 15% (v/v)) was prepared in a 
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25 mM phosphate buffer solution (pH 6) which contained sodium phosphate 
dibasic heptahydrate and sodium phosphate monobasic monohydrate 
(Sigma-Aldrich, St. Louis, MO, USA). 
Standards (purity > 98%) of volatile compounds such as ethyl octanoate, 
ethyl decanoate, ethyl laurate, octanoic acid, decanoic acid and lauric acid 
were obtained from Firmenich Asia Pte. Ltd. (Singapore). Fructose, glucose 
and sucrose (Sigma-Aldrich, Ontario, Canada) were used as external standards 
for quantitative analysis. Ethanol used as standard was of analytical grade. 
 
9.2.2 Preparation of yeast pure culture and preculture 
The pure culture was propagated by the addition of pure yeast culture 
(0.8 mL) into the sterilised nutrient broth (30 mL) and incubated for 48 h at 
25°C. The pure culture was kept at -80 °C before usage. The sugar solution 
was prepared at 41% (w/v) in deionised water and sterilised by filtering 
through a 0.2 μm pore size regenerated cellulose filter membrane. The sugar 
level of coconut cream fermentation medium was adjusted to 6% (w/v) by 
adding a suitable amount of the sugar solution. Thawed pure yeast culture (1 
mL) was added into the fermentation medium (20 mL) and incubated at 25°C 
for 24 h to obtain a preculture of yeast with a cell count of about 107 CFU/mL.  
 
9.2.3 Ester synthesis through fermentation and biocatalysis  
The fermentation was carried out in 1-L sterile capped bottles. Yeast 
preculture was incubated for 24 h before being inoculated at 1% (v/v) into the 
fermentation medium (900 mL), which was then left to ferment for 72 h. The 
incubation temperature was set at 25 °C. Palatase was added for ester 
synthesis at 3 different time points (12 h, 24 h and 48 h) during the time-course 
fermentation of 72 h. When the fermentation was carried out for 12 h (PAL12), 
150 mL of the fermentation medium (total volume was 900 mL) was 
transferred into a sterile 250-mL capped bottle and Palatase was added at 0.1 
% (v/v). This was similarly done when the fermentation was carried out for 24 
h and 48 h, respectively. After the addition of lipase in the respective 
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treatments, the fermentation media were placed back in the 25 °C incubator. 
The fermentation without the addition of lipase was performed as the control. 
All the fermentations were carried out in triplicate.  
 
9.2.4 Analysis of pH value, yeast enumeration and sugar concentrations 
Samples were collected at 0, 12, 24, 36, 48, 60 and 72 h during 
fermentation. The sample pH was measured using a pH meter (Metrohm, 
Zofingen, Switzerland). Yeasts were enumerated via the spread plating method. 
The remaining samples were kept in capped tubes and the pH was adjusted 
with 1M hydrochloric acid (pH 2.5) to stop the fermentation. All the samples 
were kept at 4 °C until further analysis. 
To determine levels of glucose, fructose and sucrose, the filtered samples 
were injected into Shimadzu high performance liquid chromatography (HPLC) 
system equipped with a Zorbax carbohydrate analysis column (150 ¯ 4.6 mm, 
5-Micron, Agilent, Santa Clara, CA, USA). Mobile phase used was a mixture 
of acetonitrile (HPLC grade) and water (80:20, v/v), and the flow rate was 1.4 
mL min-1. The detector used for identification and quantification of the sugars 
was the low temperature-evaporative light scattering detector (LT-ELSD). 
Quantitative analysis of sugars in collected samples was performed by 
constructing external standard calibration curves. 
 
9.2.5 Quantitative analysis of volatile compounds 
Information on GC systems is referred to Chapter 2 (section 2.2.1), unless 
otherwise stated. Volatile compounds were analysed using the HS-SPME 
coupled with GC system equipped with a DB-FFAP capillary column (60 m ¯ 
0.25 mm ¯ 0.25 μm), 5975 MSD and FID. One milliliter of diluted sample 
was added into a 20-mL capped glass vial. An 85 μm CAR/PDMS fibre was 
exposed to sample headspace to adsorb volatile compounds. The extraction 
temperature and time was set at 60 °C and 30 min, respectively. After 
extraction, the volatiles were thermally desorbed for 2.5 min in the injector 
port to release the compounds into the GC system (splitless mode). The initial 
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oven temperature was set at 50°C for 5 min and ramped to 230°C at 5 °C min-1 
and held for 10 min. Purified helium was used as the carrier gas at a flow rate 
of 1.2 mL min-1. The selected volatiles are identified by comparing mass 
spectra information with WILEY database. Volatile compounds were 
quantified by constructing standard calibration curves using FID peak areas. 
All the standard solutions were prepared in 10% (v/v) coconut cream water 
solution. All analytical values were the mean values of triplicate 
determinations (control and treatments) with calculated standard deviations 
unless otherwise stated. 
9.3 Results and discussion 
The proposed reaction pathways of coupling alcoholic fermentation and 
lipase-mediated biocatalysis for the synthesis of esters are presented in Figure 
9.1. Ethanol produced from yeast fermentation was used as the substrate for 
ester synthesis by lipase. There are several biocatalytical reactions that could 
occur when the lipase Palatase was added into coconut cream: i) hydrolysis, 
because the coconut cream contains approximately 70% of water; ii) 
esterification of fatty acids with alcohols; and iii) alcoholysis of triglycerides 
(229, 230). The types of reactions that the lipase may catalyse depend on the 





Figure 9.1 Interconnected schematic pathways of i) ethanol fermentation by 
Saccharomyces cerevisiae; ii) alcoholysis catalysed by lipase; iii) hydrolysis 
of triglycerides in aqueous media; and iv) esterification of fatty acids and 
alcohols catalysed by lipases (47, 231, 232). 
 
9.3.1 Dynamic changes of yeast viable cell count and pH level 
The changes of yeast cell count and pH level in the fermentation media 
with different treatments and control are shown in Figure 9.2. Figure 9.2 (A) 
shows the growth curves of yeast in the control and fermentation media 
supplemented with lipase at varied times (12 h, 24 h and 48 h). There was a 
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noticeable decline in the viable cell count in the ferments with added lipase as 
compared to the control (without added lipase): the earlier the lipase was 
added, the lower the viable cell count at the end of the fermentation (72 h). 
The decrease of viable cell counts upon the addition of lipase could be 
attributed to the compounds formed via the lipase-catalysed reactions, 
particularly the medium-chain fatty acids (e.g. C8 acid). However, the yeasts 
survived until the end of fermentation. These compounds could have 
possessed some degree of toxicity on the yeast growth and further resulted in 
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Figure 9.2 Dynamic changes of viable yeast cell counts and pH during coconut 
cream fermentation by Saccharomyces cerevisiae (control) and lipase Palatase 
treatment at 12 h, 24 h and 48 h. 
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Medium-chain fatty acids are known to possess fungicidal effects which 
are even more prominent in the presence of ethanol (233). The effect of 
medium-chain fatty acids on yeast growth could also depend on various 
factors such as the composition of fermentation medium, environmental 
conditions, as well as the type of yeast strain pertaining to its stress tolerance 
level (234). The undissociated form of medium-chain fatty acids act as 
fermentation inhibitors which can cause a rapid decline in yeast cell viability 
as they are able to penetrate into the yeast cell via passive diffusion (235). The 
statement supported the postulated relationship of the amount of fatty acids 
and the viable yeast cell population. However, yeast cells were able to undergo 
stress response by detoxification of fatty acids into ethyl esters in the presence 
of ethanol. However, the cell count of yeast did not drop markedly, which 
indicates that adding lipase into the fermentation media did not significantly 
affect the fermentation process.  
The initial pH value (6.10) of the fermentation media containing coconut 
cream and sugar was not adjusted. Figure 2B shows the changes of pH levels 
during fermentation. It can be seen that the pH of the fermentation media 
increased subsequently after the lipase was added. At 72 h the pH value of the 
control was 4.78, and pH values of PAL12, PAL24 and PAL48 treatments 
were 5.06, 5.01 and 4.92 respectively. The increment of pH values upon the 
addition of lipase was possibly due to the decreased formation of carbon 
dioxide and acids during alcoholic fermentation by the yeast. The final pH was 
the highest for PAL12 as compared to PAL 24 and PAL 48 because Palatase 
was added at a very early stage of the fermentation, and the subsequent 
reactions such as esterification would have reduced the amount of fatty acids.  
 
9.3.2 Sugar utilization during fermentation 
It is important to monitor the sugar concentration in the medium as an 
adequate amount of sugar is essential for generation of cellular energy to 
sustain yeast growth (236). Sugar utilization could be observed during the 
time-course fermentation as shown in Figure 3. The initial total concentration 
of the three sugars (glucose, fructose and sucrose) added up to about 5.5%, 
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which approximately corresponded to the initial amount of sugars in the 
fermentation medium. 
From Figure 9.3A, it can be seen that sucrose was consumed by the yeast 
during the first 12 h of fermentation, and after 12 h, no detectable level of 
sucrose was found. Correspondingly, fructose (Figure 9.3B) and glucose 
(Figure 9.3C) levels in the fermentation media rapidly increased during the 
first 12 h of fermentation, indicating that sucrose was hydrolysed into fructose 
and glucose by yeast. The enzyme from S. cerevisiae involved in the 
hydrolysis of sucrose is known as invertase or sucrase (237). The rate of sugar 
consumption was the most rapid during this period of fermentation and sugars 
were more or less utilised after 36 h. The viable yeast count also reached the 
stationary phase at 36 h and pH values did not have any dramatic changes after 
36 h of fermentation. 
The sugar utilization rate for PAL12 was the lowest as compared to 
PAL24, PAL48 and the control. The amount of glucose and fructose for 
PAL12 was 1.18% (w/v) and 1.40% (w/v) respectively as seen at the 24 h of 
fermentation. This could be related to the rate of sugar utilization which 
slowed down due to a decline in the viable cell count when Palatase was added 
at the earliest stage at the 12 h. Therefore, the addition of Palatase could have 
resulted in a slower yeast growth rate or earlier death of yeast cells which was 
indicated by the decreased sugar consumption rate after Palatase was added 
into the fermentation medium.  
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Figure 9.3 Sugar utilization during yeast fermentation (control) and with lipase 
Palatase treatment at 12 h, 24 h and 48 h: A, sucrose; B, fructose; C, glucose.  
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9.3.3 Formation of ethyl esters and fatty acids after addition of Palatase  
During fermentation, ethyl esters are formed as yeast secondary 
metabolites, but the concentration is usually too low to be produced effectively 
as commercial flavoring agents. The objective of adding Palatase in the 
fermentation medium was to stimulate more ester production via alcoholysis 
and/or esterification in an aqueous medium. Besides the synthesis of esters, 
lipase also can catalyze hydrolysis to produce fatty acids from triglycerides. 
Since coconut cream contains a majority of medium-chain saturated fatty acids, 
high amounts of free medium-chain fatty acids could be produced and released 
into the fermentation medium. In this work, the formation of both ethyl esters 
and free fatty acids during fermentation and biocatalysis was observed.  
During the first 12 h after Palatase addition, the concentration of ethyl 
esters increased significantly (Figure 9.4). Figure 9.4A shows the formation of 
ethyl octanoate during fermentation. The highest amount of ethyl octanoate 
was produced by lipase in the PAL 12 treatment. The varied amount of ethyl 
octanoate synthesised by the lipase could be due to the different media pH and 
varied ethanol concentrations in the fermentation media. When the lipase was 
added at 12 h, the pH of coconut cream medium was around 5.8 which favored 
the catalytic activity of Palatase since it was within the operational pH range 
of Palatase (5.0-9.5) (209). After 24 h, the coconut cream pH levels were 
below 5 which may affect the synthetic activity of the lipase. However, the 
hydrolytic activity was not affected with respect to the formation of octanoic 
acid which is shown in Figure 9.4B. A similar amount of octanoic acid was 
detected in PAL 12, PAL 24 and PAL 48 treatments. Palatase may have 
different substrate selectivity at different pH levels (238).  
Alcohol concentration was another factor that possibly led to different 
yields of esters when the lipase was added at varied times. The addition of 
Palatase at the 12 h could also result in increased production of ethanol by the 
viable yeast since utilization of ethanol for alcoholysis was happening at the 
same time. However, the ethanol production could be limited by the inhibition 
of yeast by fatty acids that were formed via lipid hydrolysis. This explained 
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the plateau curve observed in the PAL 12 treatment for ethyl octanoate after 
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Figure 9.4 Production of ethyl esters and fatty acids during fermentation 
(control) and with lipase Palatase treatment at 12 h, 24 h and 48 h: A, ethyl 
octanoate; B, octanoic acid; C, ethyl decanoate; D, decanoic acid; E, ethyl 
laurate; F, lauric acid. 
 
Figure 9.4C shows the formation of ethyl decanoate during fermentation. 
The highest amount of ethyl decanoate was detected in the PAL 12 treatment. 
However, when the lipase was added at 48 h, the reaction rate for the first 12 h 
of reaction was higher than that when the lipase was added at 24 h, especially 
the decanoic acid production rate (Figure 9.4C and D). This could be because 
of the lower pH level of coconut cream at 48 h, which favored the hydrolysis 
of triglycerides by lipase (238). The effect of pH level on the substrate 
selectivity of lipase Palatase requires further investigation.  
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Figure 9.4E shows the time-course formation of ethyl laurate during 
fermentation. Different from the formation of ethyl octanoate and decanoate, a 
similar amount of ethyl laurate was detected in these three types of samples 
including PAL 12, PAL 24 and PAL 48. A slight decrease of ester was 
observed in the reaction curve of PAL 12, which may be due to the hydrolysis 
of formed esters. From the reaction curves of PAL 24 and PAL 48 it can be 
seen that the amount of ethyl esters may increase further if more reaction time 
was given. The synthesis of lauric acid in the PAL 24 treatment was limited as 
compared with that in the PAL 12 and PAL 48 treatments (Figure 9.4F). 
The majority of ester synthesis catalysed by Palatase would probably 
stem from both alcoholysis and esterification. Since ethanol was quite 
hydrophilic, it will tend to stay in the water phase, thus the hydrolysis of 
triglycerides could be the dominant reaction. Direct esterification of liberated 
free fatty acids could occur, since the formed medium-chain fatty acids were 
more hydrophobic and were able to accumulate at the oil-water-lipase 
interface (126). The accumulation of octanoic acid, decanoic acid and lauric 
acid in coconut cream was likely the result of a net balance of utilization and 
production. It was plausible that more fatty acids were produced than utilised 
since an accumulation was observable. The concentrations of ethyl esters were 
produced at the initial 12 h of Palatase addition for the 3 treatments, which 
occurred at the same time as the accumulation of fatty acids. Therefore, 
esterification and hydrolysis could have occurred simultaneously and rapidly 
once the Palatase was added into the fermentation medium.  
 Another relevant study conducted by Liu et al. (197) revealed that 
butanoic acid was unable to be utilised for the synthesis of ethyl butanoate 
from ethanol via esterification. Instead, tributyrin was used in the synthesis 
which demonstrated a transferase reaction (alcoholysis). Therefore, these 
studies indicate that the ester synthesis reactions could be dependent on 
polarity and hydrophobic properties of the alcohol and acid substrates in the 
reaction mixture. In addition, esterification reaction could occur between more 
hydrophobic fatty acids and alcohols. This could be determined by correlating 
with the substrate polarity parameter (log P). It was determined that the ester 
synthesizing activity of lipases increased with an increase of log P (173). 
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9.4 Conclusion 
  Incorporation of a lipase Palatase in coconut cream produced significant 
amounts of ethyl esters during yeast alcoholic fermentation. This illustrates the 
versatility of lipase-catalysed reactions in a wide spectrum of biotechnological 
applications. Besides biocatalysis, the production of ethanol in situ during 
fermentation was a feasible method to provide the alcohol substrate for lipase 
to undergo alcoholysis and/or esterification to generate esters. This is a 
promising process to biosynthesise natural flavor esters via coupling 
fermentation and biocatalysis. This application is capable of integrating Halal 
procedures into biosynthesis of natural flavor esters that comply with the 
Halal and “natural” rules. 
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Chapter 10 General Conclusions and Future Study 
The present study investigated the bioconversion of the low-cost natural 
materials, coconut lipids and fusel oil, into value-added octanoic acid esters 
through lipase-catalysed transesterification.  
 
10.1 General Conclusions 
To determine the esters formed in the transesterified coconut oil by 
GC-MS/FID, two sample preparation methods were developed. The 
HS-SPME method was a simple and fast sample preparation method. 
Methanol was found to be an effective solvent that could be used to modify 
the sample matrix and dilute analytes in oil samples. One limitation of this 
method was that the analytical result may be easily affected by the fibre 
condition. Another sample preparation method by way of direct liquid 
injection of oil sample into the GC system was established. Through 
precipitation under cold conditions, heavy compounds with high-boiling 
points were removed from oil samples dissolved in n-hexane. Improved 
accuracy, reproducibility and decreased discrimination of less volatile 
components were achieved. These two methods were both effective for oil 
sample preparation and analysis. They could be applied to oil sample analysis 
that fits different purposes.  
In the solvent-free system, the detailed single-factor optimization process 
revealed how these studied factors, such as molar ratio, enzyme loading, 
temperature and shaking speed, affected the Lipozyme TL IM-catalysed 
synthesis of flavor octanoic acid esters from coconut oil and fusel oil. It was 
found that, molar ratio, enzyme loading and shaking speed were statistically 
significant factors. When the molar ratio of alcohol to oil exceeded 3:1, the 
octanoic acid esters formed decreased, because alcohol may inhibit the 
enzyme activity especially when the alcohols are not soluble in oil. Agitation 
improves the mass transfer efficiency and further releases the inhibitory 
effects caused by the substrates or products. Under the optimised conditions, 
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7% of ester yield was obtained. The Lipozyme TL IM-catalysed biocatalysis 
offers a novel application of fusel oil and coconut oil, low-value natural 
materials, in the synthesis of volatile esters. The optimization process and 
results demonstrated in this study also provide useful information for the 
flavor industry to produce flavor esters on a large scale.  
Further optimization of the reaction conditions of Lipozyme TL 
IM-catalysed transesterification of coconut oil with fusel oil was investigated 
using RSM. A better understanding of the relationship between variables and 
responses was achieved, and the optimum reaction conditions for the synthesis 
of octanoic acid esters were also determined in this study with RSM. The 
results obtained indicate that in the solvent-free system, besides reactant molar 
ratio and enzyme loading, agitation also plays an important role in improving 
transesterification yields through reducing mass transfer limitations. From the 
model developed and response surface plots it was found that the interactive 
effects between the studied factors were not statistically significant. However, 
it can still be seen that the inhibitory effects of alcohol on lipase activity could 
be slightly reduced by agitation. This could be attributed to the effects of 
agitation on the alcohol consumption rate which may release the inhibitory 
effects of alcohols. Valuable information on the Lipozyme TL IM-mediated 
transesterification of oil was generated for industrial scale production of 
octanoic acid esters. The mathematical model established in this study can 
predict and indicate the relationship between studied factor and response in a 
defined range. Nevertheless, an adequate model was successfully developed, 
and it was able to predict the response accurately within the studied range. 
Besides optimization of parameters involved in this biocatalysis process, 
the mechanism of lipase-catalysed transesterification reaction in the 
solvent-free oil medium was investigated. During Lipozyme TL IM-catalysed 
transesterification of coconut oil, the amounts of octanoic and decanoic acids 
increased initially and then decreased gradually, indicating that ester 
production was a two-step reaction consisting of hydrolysis and esterification, 
rather than one-step alcoholysis. This study provides the first evidence on the 
mechanism of immobilised lipase-catalysed ester synthesis in a solvent-free 
system involving both hydrolysis and esterification. It was also found that with 
ethanol as the alcohol substrate, added butyric acid inhibited ester synthesis. 
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However, when fusel oil was used as the alcohol substrate, no significant 
inhibitory effect by butyric acid was observed. The results suggest that 
polarity of every reactant determines lipase activity.  
The synthesis of esters in an aqueous system of coconut cream and fusel 
oil by lipase Palatase was also investigated. To increase the yield of esters, the 
Taguchi design method was used to optimise the reaction conditions as well as 
to demonstrate the effects of reaction parameters on lipase synthetic activity in 
the aqueous medium. It was observed that temperature was the most 
significant factor affecting the biosynthesis of octanoic acid esters, followed 
by reaction time, enzyme amount, pH and alcohol concentration. The obtained 
optimum reaction conditions were different from previous studies (206, 209). 
That may be attributed to the fact that different reaction systems and alcohols 
applied could affect the optimum catalytical conditions for the lipase. This 
study successfully explored the potential of using lipase to synthesise esters 
under higher water activity conditions, and is of importance in converting 
low-cost materials, coconut cream and fusel oil, into valued-added flavor 
chemicals. Furthermore, this study also suggests that the Taguchi design 
method would be effective in improving the output responses for biological 
processes. The resulted end-product contained a mixture of fatty acid esters; 
the separation of each ester from the mixture was not done in this study. 
However, the end-product also has the potential of being directly used as a 
flavoring ingredient in food products. To be applied in the food industry, the 
sensory evaluation should be conducted. 
The catalytical behavior of lipase Palatase in aqueous media was 
investigated. In this part of study, the mechanism of ester synthesis by lipase 
Palatase in coconut cream and phosphate buffer was studied. When ethanol 
was added as the alcohol substrate, hydrolysis of triglycerides dominated over 
synthesis of esters. When fusel oil was used as the alcohol substrate, ester 
synthesis dominated over lipid hydrolysis. However, there was no visible 
pattern of fatty acid production and then re-utilization in relation to ester 
synthesis in either case. Higher consumption of octanoic acid was obtained 
than that of butyric acid in both coconut cream and buffer systems spiked with 
the same alcohol. This indicated the preferential utilization of more 
hydrophobic substrates for esterification by lipase in aqueous media. These 
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results suggest that the lipase Palatase-catalysed ester synthesis in aqueous 
media was mainly hydrophobicity-dependent esterification. 
To comply with the Halal rules, yeast fermentation was applied for the 
generation of ethanol in coconut cream for the biosynthesis of natural 
flavor-active ethyl esters by lipase Palatase. Alcoholic fermentation was 
carried out by S. cerevisiae. The concentrations of ethyl octanoate, ethyl 
decanoate and ethyl laurate were the highest when lipase was added at 12 h, 
indicating early coupling of ethanol production with ester synthesis catalysed 
by lipase. Although the growth of S. cerevisiae was slightly inhibited when 
lipase was added into the fermentation medium due to the formation of fatty 
acids, no adverse effect on ester synthesis was observed. This novel approach 
may be useful in the production of appealing flavors of fermented coconut 
cream with lipase treatment, which could be used as a new food ingredient. 
 
10.2 Future study 
There are a few related research topics that are essential for the 
application of this proposed synthetic method in the flavor industry. This work 
did not investigate the effects of water activity and water content on the lipase 
activity. That is because fusel oil itself contains a certain amount of water, 
which makes it difficult to control the water content and water activity of the 
reaction system. Removing the water in fusel oil would increase the cost 
which may not be economically feasible. However, it should be noted that 
through optimizing other process parameters, a high yield of octanoic acid 
esters could still be obtained.  
Another possible area for future work is to design a bioreactor for the 
continuous synthesis of flavor esters from coconut oil and alcohols using 
immobilised lipase Lipozyme TL IM. This bioreactor allows the recovery of 
lipase activity through adding proper solvents to remove substances causing 
inhibition on lipase activity. This subject of study would provide more useful 
information for the industrial production of esters from coconut oil. 
An interesting area for future work is the separation of synthesised esters 
from the reaction mixture. It may be possible to apply separation techniques to 
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separate and purify these esters which can be further applied as pure aroma 
chemicals in industries. Besides octanoic acid esters, the esters of other fatty 
acids could also be obtained for other applications such as in perfumery, 
cosmetics and lubricants. 
Furthermore, it would be attractive to explore the application potential of 
obtained end-products, including processed coconut oil and coconut cream. 
They could be used as flavorings in food products, such as imitation cheeses. 
Sensory evaluation and adjustment of residual alcohol concentrations are 
required. 
Last but not least, although the mechanisms of lipase-catalysed reactions 
in various reaction media have been investigated, it is also important to 
conduct modeling studies to further prove the conclusions obtained in this 
study. The role of substrate polarity and the relationships between hydrolysis, 
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